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Owing to concerns over the increasing global warming issues from the 
extensive use of fossil fuels, the use of solar energy especially photovoltaic 
system has gained escalating interest as a sustainable energy source to meet 
the global energy demand. This is due to their capability to directly convert 
solar energy into electricity with simple configuration. The concentrated 
photovoltaic (CPV) system is emerging as a highly efficient photovoltaic 
technology. The aim of this thesis is to conduct extensive theoretical and 
experimental study of the concentrated photovoltaic system for development 
of a compact and cost effective system design, with the hydrogen production 
as energy storage to handle solar intermittency. The compact system design 
with cost effective approach, will eliminate the installation limitations related 
to conventional CPV system. Furthermore, the CPV-Hydrogen study will 
show the real CPV hydrogen production potential and will introduce the 
design methodology for steady operation of CPV. 
A CPV field based upon the compact concentrated photovoltaic (CPV) 
systems is developed, utilizing the cost effective master slave configuration 
through wireless control communication. The developed system performance 
is investigated for long term outdoor operation at the rooftop of Engineering 
building (EA). In master slave configuration, the required tracking information 
from expensive devices is transmitted wirelessly through one master tracker. 
While, the rest of the slave trackers are only equipped with  minimum 
hardware and operate according to the tracking information received from 




solar trackers are designed and developed utilizing hybrid tracking algorithm. 
All the trackers are equipped with novel and low cost solar feedback tracking 
sensor utilizing double lens collimator and photo-sensor array, with tracking 
accuracy of 0.1
o
. The accuracy of the tracker is verified for long term field 
operation. 
The developed CPV field based upon four prototypes of compact CPV 
systems; three of them are based upon the conventional concentrating 
assemblies designs and utilizing mini parabolic dish in cassegrain arrangement 
and Fresnel lens with glass and reflective homogeniser. While the fourth CPV 
system is based upon the novel design of multi-leg homogeniser concentrating 
assembly which unlike conventional design, concentrates solar radiations on 
four solar cells with a single set of concentrator. The detailed design model 
and the selection criteria for the concentrating assemblies is proposed and 
verified through ray tracing simulation in TracePro. The simulated and 
experimental performance of the developed CPV systems is verified and 
compared for short term and long term operation.  
An electrical rating methodology is proposed to rate the real field potential of 
the photovoltaic systems and the highest long term electrical rating of 240.21 
kWh/m
2
.year is recorded for CPV systems, which is 2-3 folds higher than the 
conventional PV even  in tropical weather conditions of Singapore. 
To handle solar intermittency and to operate CPV for steady power 
production, the potential of the CPV system is first experimentally analyzed 
for hydrogen production. A hydrogen production system based upon PEM 




compressor, are designed and developed. The CPV-Hydrogen system showed 
solar to hydrogen maximum efficiency of 18-19% and average efficiency of 
15-16% for whole day operation. In addition, for standalone operation of CPV, 
a detailed performance model and design optimization strategy is first time 
developed and verified for CPV system with hydrogen production as energy 
storage. Using micro-GA, the techno-economic optimization of the CPV-
Hydrogen system is carried out for uninterrupted power supply at minimum 
system cost, according to the proposed energy management and control 
strategy. The developed model can also be used to estimate the long term 
performance of any component of CPV-Hydrogen system for design purpose, 
which is already verified for the long term CPV performance. In addition, the 
proposed model and strategy can be integrated into the commercial analyzing 
tools, to enhance their analyzing capability for CPV. 
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Symbol Description               Units 
EOT  Equation of time      min 
Lst  Standard longitude of local time zone   deg 
Lloc  Longitude of local observer position    deg 
ω  Hour angle       deg 
δ  Declination Angle      deg 
θz  Zenith Angle       deg 
θaz  Azimuth Angle      deg 
φ  Latitude of local observer position    deg 
TSR/ TSS Sun rise/sun set time                hour 
α  Right ascension angle      deg 
n  Number of day        - 
SD  Sensor dimension      mm 
θa  Angular offset in the position of the sun or Angular   deg 
  deviation of solar rays from concentrator axis    
CH  Column Height for Shadow Purpose    mm 
d  Distance between photo-sensors    mm 
fcx  Focal length of convex lens     mm 
fcn  Focal length of concave lens     mm 
Dcx  Convex lens diameter      mm 
S  Distance between collimating lenses    mm 
bt  Collimated beam thickness     mm 
h  Distance between collimating lens assembly and   mm 
  photo-sensor array 
Lm  Maximum Depth of ZigBee Network      - 
Rm  Maximum number of routing cable children     -  
Cm  Maximum number of non-routing cable children    - 




Symbol Description               Units 
θr  Rim angle       deg 
Dpr  Diameter of mini parabolic dish    mm 
dpr  Diameter of centre hole of mini parabolic dish  mm 
tpr  Parabolic Curvature depth of mini parabolic dish  mm 
td  Thickness of mini parabolic dish    mm 
CRg  Geometric concentration ratio      - 
Acon  Effective area of primary concentrator   m
2
 
AC  Area of solar cell (MJC)     m
2
 
θa_CPC  Acceptance angle of CPC     deg 
nCPC  Refractive index of CPC material      - 
L  Overall length of CPC     mm 
a  Half of inter aperture size of CPC    mm 
a'  Half of outlet aperture size of CPC    mm 
θe  Tracking error of angular deviation of parallel rays  deg 
  from concentrator axis 
Dhp  Diameter of mini hyper dish     mm 
f1hp  First focal length of mini hyperbolic dish   mm 
f2hp  Second focal length of mini hyperbolic dish   mm 
Mt  MJC thickness      mm 
fFL  Focal length of Fresnel lens     mm 
CL  Curvature of conical surface of lens    mm 
RFL  Radius of curvature of Fresnel lens    mm 
k  Conical surface constant       - 
Ai  Aspheric coefficients        - 
ZL  Lens dimension variable towards lens sag direction  mm 
rL  Lens dimension variable towards lens radial direction mm 
DFL  Diameter of Fresnel Lens     mm 




Symbol Description               Units 
tFL  Fresnel lens thickness      mm 
LFL  Linear side dimension of square Fresnel lens   mm 
nFL  Refractive index of Fresnel lens material     - 
PCPV  Power output of CPV      W 
VCPV  Voltage output of CPV     V 
ICPV  Current output of CPV     A 
DNI  Direct Normal Irradiance             W/m
2
 
ηCPV  Efficiency of CPV system     % 
nE,H2  Rate of Hydrogen production             mol/s 
ηEF  Faraday Efficiency of Electrolyser    % 
NEC  Total number of Electrolyser cells      - 
IE  Electrolyser current      A 
UE  Electrolyser voltage      V 
nE  No. of electrons required for electrolysis     - 
F  Faraday Constant          A.s/mol 
ηEL  Electrolyser Efficiency     % 
ηCPV_H2 Overall solar to hydrogen conversion efficiency  % 
Re,m  Monthly electrical rating            kWh/m
2
.year 
Re  Overall electrical rating            kWh/m
2
.year 
m  Maximum number of days in month      - 
q  Total number of experimental days      - 
E  Daily total energy yield of CPV        kWh/m
2
 
Dm  Daily total solar energy received        kWh/m
2
 
GHI  Global Horizontal Irradiance             W/m
2
 
d1  Dimension of square primary reflector of   mm 
  multi-leg homogeniser concentrating assembly 
d2  Dimension of square secondary reflector of multi-leg mm 




Symbol Description               Units 
f1  Focal length of primary reflector of multi-leg homogeniser  mm 
  concentrating assembly 
f2  Focal length of secondary reflector of multi-leg   mm 
  homogeniser concentrating assembly 
t1  Depth of primary reflector of multi-leg homogeniser mm 
  concentrating assembly 
t2  Depth of secondary reflector of multi-leg homogeniser mm 
  concentrating assembly 
AHO  Area of centre hole in primary reflector of multi-leg  m
2
 
  homogeniser concentrating assembly 
D1  Corresponding diameter of primary reflector of   mm 
  multi-leg homogeniser concentrating assembly 
θC  Critical angle of optical material    deg 
IC  Solar cell current       A 
CC  Solar concentration at solar cell area              Suns 
VC  Solar cell voltage       V 
NCM  Number of solar cells in one panel      - 
NPCPV  Number of CPV panels       - 
ISC  Solar cell short circuit current     A 
ELC  Electrical load demand of consumer    W 
VOC  Solar cell open circuit voltage     V 
TC  Solar cell temperature      
o
C 
Imppt  Solar cell maximum power point current    A 
Vmppt  Solar cell maximum power point voltage    V 
PC  Solar cell power       W 
Pmppt  Solar cell maximum power point power    W 
PLoad  Total load demand       W 




Symbol Description               Units 
PTr  Solar tracker power requirement     W 
Pcom  Hydrogen compressor power      W 
PMJC,max MJC maximum rated power      W 
NE,O2  Oxygen production flow rate from electrolyser           mol/s 
TE  Electrolyser Temperature      
o
C 
AE  Electrolyser Cell Area      m
2 
VEC,max  Electrolyser Cell Maximum Voltage     V 
IEC,max  Electrolyser Cell Maximum Current     A 
PEL,max  Electrolyser Cell Maximum Power     W 
Lmin  Minimum Electrical Load Requirement    W 
Urev  Reversible Voltage of Electrolysis     V 
nF,H2  Hydrogen Consumption Flow Rate from Fuel Cell           mol/s 
nF,O2  Oxygen Consumption Flow Rate from Fuel Cell           mol/s 
IF  Fuel Cell Current       mA 
AF  Cell Area of Fuel Cell      cm
2 
UF  Cell Voltage of Fuel Cell      mV 
NFC  Number of Cells of Fuel Cell       - 
PFC,max  Cell Maximum Power of Fuel Cell     W 
Lmax  Maximum Electrical Load Requirement    W 
Preq  Electrical Power Deficiency not supplied by the CPV  W 
Uo  Reversible Voltage of Fuel Cell     mV 
STH2  State of Hydrogen Storage      kg 
STO2  State of Oxygen Storage      kg 
STW  State of Water Storage      kg 
STMH2  Maximum Hydrogen Storage Capacity    kg 
STMO2  Maximum Oxygen Storage Capacity    kg 
ηOP  Optical Efficiency of Concentrating Assembly   % 




Symbol Description               Units 
ηDC/AC  Efficiency of DC to AC Converter     % 
ηEF  Faraday Efficiency of Electrolyser     % 
ηCDC  Efficiency of DC to DC Converter     % 
ηFF  Faraday Efficiency of Fuel Cell     % 
ηcom  Efficiency of Compressor      % 
Pta  Instantaneous Pressure of Hydrogen Tank    Pa 
PE  Pressure of Hydrogen Production from Electrolyser   Pa 
MH2  Molar Mass of Hydrogen              g/mol 
CPH  Specific Heat Capacity of Hydrogen           J/kg.K 
Tcom  Hydrogen Compressor Temperature     K 
Tta  Temperature of Hydrogen Storage Tank    K 
nta  Instantaneous Number of Moles of Hydrogen Gas in  mol 
  Storage Tank 
r  Isentropic Exponent of Hydrogen      - 
R  Universal Gas Constant         J/mol.K 
ZH  Compressibility Factor of Hydrogen      - 
V  Volume of Storage Tank of Hydrogen    m
3 
nH  Number of Hydrogen Stage Tank      - 
PH  Pressure of Hydrogen Storage Tank     Pa 
L1  Minimum Limit for Cyclic Hydrogen Storage   kg 
L2  Maximum Limit for Cyclic Hydrogen Storage   kg 
tPF  Time for Power Failure      sec 
PSFT  Power Supply Failure Time Factor     sec 
CC  Capital Cost        $ 
CAT  Total Annual System Cost      $ 
CCPV  CPV Total Cost       $ 
CEL  Electrolyser Total Cost      $ 




Symbol Description               Units 
CSTH2  Hydrogen Storage Total Cost     $ 
CSTO2  Oxygen Storage Total Cost      $ 
Ccom  Hydrogen Compressor Total Cost     $ 
OMC  Operation and Maintenance Cost     $ 
RC  Replacement Cost       $ 
CRF  Capital Recovery Factor       - 
SPPW  Single Payment Present Worth      - 
y  Payment Duration               years 
i  Compound Interest Rate      % 
w  Lifetime Period of System              years 
 
Subscript 
SR  Sun rise 
SS  Sunset 
(H)  Angle Value in hours units 
cx  Convex 
cn  Concave 
pr  Parabolic 
hp  Hyperbolic 
FL  Fresnel Lens 
L  Lens 
E  Electrolyser 
F  Fuel Cell 
ta  Tank 
com  Compressor 
H   Hydrogen 
H2  Hydrogen Gas 





CPV  Concentrated Photovoltaic 
MJC  Multi-junction Solar Cell 
BOS  Balance of System 
GMT  Greenwich Mean Time 
C  Coordinator 
R  Router 
ED  End Device 
USART Universal Synchronous/Asynchronous Receiver/Transmitter 
RTC  Real Time Clock 
ISP  In System Programming 
ADC  Analogue to Digital Converter 
CTS  Colour Tracking Sensor 
CPC  Compound Parabolic Concentrator 
MPPT  Maximum Power Point Tracking 
TIR  Total Internal Reflection 
DNI  Direct Normal Irradiance 
STC  Standard Testing Conditions 
NOCT  Nominal Operating Cell Temperature 
AM  Air Mass 
LTER  Long Term Electrical Rating 
GHI  Global Horizontal Irradiance 
MHCA Multi-leg Homogeniser Concentrating Assembly 
PSFT  Power Supply Failure Time 
PEM  Proton Exchange Membrane 
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Chapter 1: Introduction 
Energy is a resource needed for the survival of human beings and its 
importance permeates all human activities. The world's current energy 
consumption is about 12.477 GTOE and its demand is expected to increase by 
41% when the world population hits 8.7 billion in 2035 [1,2]. Of this total 
primary energy consumption, the generation of electricity and heating have the 
highest share of 42% [3]. It has been reported that about 82% of the world's 
energy consumption is derived from the fossil fuels, namely oil, natural gas 
and coal. Consequently, the burning of these fuels has led to high emission of 
CO2 into the atmosphere causing the drastic effects of global warming [4]. 
From environmental sustainability, only by switching to renewable energy 
resources as primary energy supply can mitigate the effects from global 
warming situation. Among all renewable energy resources, solar energy has 
the highest potential to meet our energy demand [5] as the daily irradiance 
received is 10,000 times more than the global energy consumption [6].  
The main advantage for solar energy systems is their energy conversion 
efficiency yet at relatively low cost with simple system configuration. The 
photovoltaic system or solar cell provides the simple, elegant and direct 
method of electricity production from solar energy [7-9]. The current installed 
capacity of photovoltaic systems in the world has reached 183GWP [10]. 
Despite the increase in the total installed capacity of photovoltaic systems, it 
ranks third in the renewable energy utilization share, after hydro and wind 
energy resources [11,12]. The current photovoltaic market is almost fully 
dominated by the single junction crystalline silicon cells and thin film solar 
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cells, which offer low efficiencies at the cell level of 20-25% and 19-20% 
respectively, and under the single flash test conditions [13]. The single 
junction solar cell absorbs only a certain portion of the solar spectrum while 
the remaining portion is dissipated as heat loss, thereby offering lower 
efficiency [14]. Multi-junction solar cell, on the other hand, offers the highest 
efficiency up to 46% due to having cell materials that are responsive to a 
wider solar spectrum [16]. However, due to the high cost of multi-junction 
solar cells, cost effective concentrated photovoltaic (CPV) concept is used in 
which low cost concentrators are used to concentrate solar radiations onto a 
small area of solar cell material, thus reducing the use of expensive solar cell 
material [17-18].  
Solar concentrators operate for parallel rays or beam solar radiation and 
require solar tracking to face the sun at all times. Therefore, the two axis solar 
tracker is a key component of the CPV system. The conventional CPV 
systems are designed as big units containing multiple CPV modules mounted 
onto a two axis solar tracker. These gigantic CPV systems are only suitable to 
be installed in open fields especially desert areas with clear sky conditions and 
high beam radiations availability. It must be noted here that the rooftop 
installed PV panels, on the residential or commercial buildings and housing 
units, make a very large share of the global PV capacity and most of the 
countries are aiming for a share of 40-50% [19]. However, the current large 
CPV system design is not suitable for installation as a rooftop unit and the 
development of small and compact units for rooftop, was not considered with 
an intention of low power production due to low solar beam radiations 
availability in the urban region. Therefore, beside higher conversion 
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efficiency, the CPV system could not get much customers and popularity like 
the conventional PV systems. 
Solar energy, while having the highest energy potential, is intermittent in 
nature due to changing weather conditions throughout the day [20]. In 
addition, there is no solar radiation during the night. An important requirement 
of the electricity industry is to provide continuous power supply and meet any 
demand load [21]. This feature of steady power supply gives the leading edge 
to conventional power plants running on fossil fuel. Therefore, beside solar 
energy utilization, energy storage is mandatory for steady  and standalone 
operation of the solar energy systems, to eliminate to the solar intermittency. 
In the literature, there are many studies based upon the stand-alone operation 
of the photovoltaic systems, but considering the conventional PV system [22-
24]. However, besides highest conversion efficiency, studies are lacking for 
the consideration of CPV system for standalone operation along with its 
design modelling, optimization tools and strategy. Solar energy systems are 
designed to operate for long term operation with a lifespan of 20-25 years 
[25]. Therefore, for long term operation, hydrogen production from water 
electrolysis provides a sustainable, clean and reliable energy storage solution 
in comparison with the conventional electrochemical electricity storage 
options i.e. battery which is only reliable for short term operation [26].  
The main motive of this research is to conduct extensive theoretical and 
experimental study for the development of concentrated photovoltaic system, 
to eliminate the design and performance related concerns and to operate it as a 
steady power source. 
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1.1 Objectives 
The dissertation aims, firstly, to develop compact and cost effective design of 
concentrated photovoltaic (CPV) systems with theoretical and outdoor testing 
over a long period of operation. Secondly, to experimentally analyze the 
potential of CPV for hydrogen production, serving as energy storage, with 
development of theoretical design model for steady power operation of CPV. 
The main objectives of this thesis are: 
1. To design and develop a compact and smart two-axis solar tracker for CPV 
applications. A tracking algorithm is developed using hybrid technique of 
astronomical and optical tracking methods. It also includes a novel and 
low cost solar tracking sensor utilizing double lens collimator with an 
array of photo-sensors, having sensitivity of ±0.1
o
.  The performance of 
two axis solar tracker is tested and verified outdoor on the rooftop of  
Engineering building (EA). 
2. To develop a CPV field of compact solar trackers based upon the Master 
Slave control configuration. In a CPV field of many tracking  units, only 
one master unit is equipped with expensive electronic modules and do the 
key computation. The required tracking information is then transmitted 
wirelessly to the slave units, containing less expensive hardware thereby 
reducing overall system cost. 
3. To model, design and analyze the performance of the CPV concentrating 
assemblies using ray tracing simulation. Three concentrating assemblies, 
one is based upon mini parabolic dish in cassegrain arrangement and the 
other two are based upon the Fresnel lens (aspheric surface) with glass 
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homogeniser and with reflective homogeniser, are designed according to 
the small MJC concentration requirement of x500. The performance of the 
designed concentrating assemblies is analyzed and compared through ray 
tracing simulation in TracePro. 
4. To investigate the experimental performance of CPV field, comprising in-
house built CPV systems with designed mini dish and Fresnel lenses. The 
experimental and simulated performance of the CPV systems are 
compared and analyzed. 
5. To develop and analyze the CPV-Hydrogen system to investigate the 
performance of the CPV system for hydrogen production. A hydrogen 
production system, based upon PEM electrolyser and a hydrogen 
compression system with the storage, are designed and fabricated. The 
CPV-Hydrogen system is investigated for instantaneous and average 
performance to analyze the real potential of the CPV-Hydrogen production 
in outdoor weather conditions of Singapore. 
6. To analyze the long term electrical rating of the concentrated photovoltaic 
(CPV) systems. The proposed electrical rating methodology is used to 
investigate the long term power output of the developed CPV systems for 
one year field operation and the performance is compared with the 
conventional PV systems. 
7. To design, develop and analyze the novel multi-leg homogeniser 
concentrating assembly (MHCA) for CPV system. The proposed 
concentrating assembly can concentrate solar radiations onto four MJCs 
using single set of concentrators.  
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8. To develop the performance model of CPV system with design 
optimization and energy management strategy for stand-alone operation of 
CPV system with hydrogen production as energy storage. An optimization 
code based upon CPV-Hydrogen system performance model is developed 
in FORTRAN with micro-GA. The multi-variable and the multi-objective 
techno-economic optimization of CPV-Hydrogen system is conducted for 
uninterrupted power supply and minimum overall system cost. 
1.2 Thesis Outline 
This thesis consists of nine chapters to the conduct theoretical and 
experimental study of concentrated photovoltaic (CPV) system with hydrogen 
production as energy storage. The contents of each chapter are summarized as 
follows. 
In Chapter 1, as opening chapter, the aims and objectives of this research are 
outlined according to the main motivation of this study as described in the 
introduction section. The thesis outline is also presented in this chapter. 
In Chapter 2, a detailed literature review is provided to highlight the scope of 
existing studies and the gaps that are needed to be addressed. First, the need of 
CPV system with its significance and impact on the energy demand is 
highlighted, followed by the limitations of the existing CPV systems designs. 
The gaps needed to be filled by current research are then highlighted in 
theoretical and experimental framework to make CPV system a reliable and 
steady power source without any application restrictions. 
In Chapter 3, a compact two axis solar tracker is developed based upon a 
hybrid tracking algorithm using a novel, cheap and highly accurate in-house 
built solar tracking sensor. Using the solar tracker, a tracking system for CPV 
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field is proposed and developed based upon the master slave control 
configuration. 
In Chapter 4, the detailed design modelling and the ray tracing simulation of 
the concentrating assemblies of developed CPV systems are discussed. Based 
upon the verified design using the ray tracing simulation, the performance of 
each of the CPV design is compared and analyzed.  
In Chapter 5, the main focus is the development and the experimental 
investigation of the CPV and CPV-Hydrogen system. The design and 
development of three CPV systems are discussed, followed by a performance 
investigation of the systems in outdoor weather conditions. In the second part 
of the chapter, the design and the development of the CPV-Hydrogen system 
are discussed with maximum and average performance for hydrogen 
production in outdoor weather conditions. 
In Chapter 6, the long term performance of the three developed CPV systems 
is analyzed using proposed electrical rating methodology. The long term 
electrical rating (LTER) is presented for tropical weather conditions of 
Singapore. 
In Chapter 7, a novel design of the CPV system is proposed based upon the 
multi-leg homogeniser concentrating assembly (MHCA). The proposed 
MHCA is designed and developed, which can concentrate solar radiations on 
the four MJCs using single set of concentrators. The performance of 
developed CPV system is analyzed through ray tracing simulation and outdoor 
field experimentation. 
In Chapter 8, an energy management and multi-objective techno-economic 
optimization methodology for standalone operation of CPV system with 
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hydrogen production as energy storage is developed, analyzed and verified. 
The CPV performance model is developed and the CPV-Hydrogen system 
design is optimized using micro-GA for uninterrupted power supply at 
minimum cost. The developed performance model can also be used to evaluate 
the long term performance of the CPV-Hydrogen system. 
In Chapter 9, the conclusion and the major findings of the study are presented 
with future recommendations. 
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Chapter 2: Literature Review 
2.1 World Energy Scenario and CO2 Emissions  
Energy has become a key part in the economic and social development of the 
countries. Beside economic advancements, global population is also 
continuously growing thereby increasing the global energy demand. In 
addition, a remarkable shift in the living standard of the people and the 
urbanization are expected to significantly affect the global energy needs. The 
trend of global energy demand and the world population growth are shown in 
Figure 2.1. World's current energy demand has reached to 12476.63 MTOE 
and further 41% increase in energy demand is expected till 2035. In addition, 
the current global population is increasing at a rate of around 800 million per 
year. However, the world energy demand is growing at a faster rate than the 
global population [1,27,28]. 
 
Figure 2.1: World Population and Energy Demand 
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To meet the global the energy need, the world is mainly relying on fossil fuels. 
In the global energy mix, the fossil fuels contribute to 82% of the global 
energy supply. Oil has the largest share in the energy mix with share of 31.5%, 
followed by coal with 29% and natural gas with 24% share. However, the bio-
energy, nuclear energy and hydro-energy have a comparatively very small 
energy share of only 10%, 5.1% and 2.3% respectively. The share of the 
renewable energy resources, including solar, wind and geothermal energy, in 
the global energy supply is only about 1%, as shown in Figure 2.2 [2]. The 
Figure 2.3 shows the consumption of the primary energy supply according to 
sector and source. It can be seen that the highest share of the global energy 
supply, 39.3% is used for electricity generation and followed by the transport 
sector with share of 27% [3]. One of the main reasons for this high 
consumption of electricity is the advancement in the information technology 
field and as a result, electricity consumption share is increasing rapidly at a 
rate faster than the primary energy supply [29]. 
 
Figure 2.2: Global Energy Mix 
Because of the huge dependency on fossil fuels, sustainability of the earth 
ecosystem is at risk. The energy generated from the combustion of the fossil 
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fuels has created numerous environmental issues and the emissions of green 
house gases are a primary concern [30]. Carbon dioxide is the main 
contributor in the greenhouse gas emissions , with very high growth rate [31]. 
CO2 emissions have increased from 23.7Gt to 31.2Gt in a period from 2000 to 
2011 and if current energy scenario prevails, it is expected to increase to 
43.1Gt in 2035. The history of growth of CO2 emissions is shown in Figure 
2.4 [32]. 
 
Figure 2.3: Primary Energy Supply Consumption by Sector 
 
Figure 2.4: CO2 Emission Trend by Fossil Fuels 
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Since electricity generation and transportation sectors have the largest 
consumption of the global energy supply, these two sectors also have highest 
share to CO2  emissions. From Figure 2.5, it can be seen that the electricity 
generation sector contributes 42% of the CO2 emissions, followed by the 
transport sector with 22% share. The share of CO2 emissions from electricity 
generation has almost become doubled since 1990 due to dependence on fossil 
fuels for electricity generation [7]. 
 
Figure 2.5: World CO2 Emissions by Sector 
The level of CO2 in the atmosphere has already exceeded 400 ppm [33]. If 




C global temperature rise is expected 
in the long term. To control the CO2 emissions in long term, different policies 
have been proposed to limit the global temperature rise and the main emphasis 
is given to have the largest share of renewable energy resources in the global 
energy mix [4]. Among all the available energy resources, solar energy has the 
highest potential of energy. The comparison of the energy potential for 
different energy resources, is shown in Figure 2.6. 
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2.2 Solar Resource Potential 
The solar energy resource potential is far higher than the current global energy 
consumption. The solar energy received by the earth is in form of the 
electromagnetic radiations, generated due to nuclear fusion reaction of 
hydrogen and helium at sun surface. Figure 2.7 shows the total solar resource 
potential in comparison with the total fossil fuel resources, nuclear resources, 
renewable energy resources and annual global energy consumption [34]. 
 
Figure 2.7: Total Energy Resources 
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 After covering a distance of about 150 million kilometre, only a small fraction 
of solar energy reaches the earth [34]. However, there is a further loss of solar 
radiations as it passes through earth's atmosphere, due to further reflection and 
radiation through different components present in the earth atmosphere. The 
earth's atmosphere consists of a stable composition of gases, 78% nitrogen, 
21% oxygen and remaining 1% contains noble gases like argon. Many other 
components like water vapour, carbon dioxide, nitrous oxide and methane are 
also present in the atmosphere, causing loss in the received solar energy. 
Figure 2.8 shows the schematic representation of scattering of the solar 
radiations while passing through the earth atmosphere. The solar radiation 
received by the earth surface is divided into three forms; direct, diffuse and 
global radiation [35]. 
 
Figure 2.8: Scattering of Solar Radiation by Atmosphere 
The thickness or amount of atmosphere through which solar radiations has to 
pass through to reach the earth surface, is defined by Air Mass (AM). The 
Chapter 2 
Page | 15  
value of AM0 represents the solar spectrum measurements taken outside of the 
earth surface. While AM1 represents the solar spectrum measurements taken 
when sun is overhead, directly at sea level [35]. The effect of the air mass 
(AM) on the measured solar spectrum is shown in Figure 2.9 [36]. Higher 
value of the air mass depicts more scattering, reflection and absorbance of the 
solar radiations through the earth atmosphere. Based upon the wavelength, the 
major portion of solar spectrum contains ultraviolet, visible and infrared 
radiations. 
 
Figure 2.9:Solar Spectrum 
Solar radiation received outside of the earth atmosphere, at AM0, is called 
Extraterrestrial radiation. The intensity of extraterrestrial radiations changes 
with change in earth-sun distance due to elliptical nature of the earth's orbit. 
The extraterrestrial radiations intensity or solar irradiance at any day of the 
year can be found using Equation (2.1) [37]. The parameter Ext represents the 
amount of extraterrestrial solar irradiance received outside the earth surface 
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and 'n' is the day number starting from 1
st
 of January. The is the solar constant 
which is equal to solar irradiance received outside of the earth atmosphere 
when distance between earth and sun is 1AU (Astronomical Unit = 
149,597,870,700 km). Various scientists have undertaken studies to calculate 
the value of the solar constant. NASA and ASTM have accepted solar constant 
value of 1353 W/m
2
  proposed by Thekaekara [38]. However, World 
Radiation Centre (WRC) is adopting value of 1357 W/m
2
 for solar constant.  
                    
    
   
              (2.1) 
2.3 Solar Photovoltaic  
Solar photovoltaic systems utilize solar cells which convert solar energy 
directly into the electricity through photo-reaction. Solar cells are made of 
semiconductor material and under the solar radiations, electron-hole pairs are 
generated which are separated by the internal electric field around the 
junction. In the presence of external load across the solar cell, it can provide 
current and voltage through internal electric field. Multiple solar cells can be 
easily combined in form of solar modules to generate hundred of watts. 
Photovoltaic systems can be used for a wide variety of applications with any 
power requirement and with excellent weather resistance. However, one of the 
main reason of the huge gap between solar energy potential and its use is the 
very low energy conversion efficiencies of most of the commercial 
photovoltaic systems. 
Based upon the semiconductor material and the manufacturing method, the 
solar cell are divided into three generations, as shown in Figure 2.10. First 
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generation of the solar cells is based upon silicon wafer based photovoltaic 
systems which currently dominate 85% of the photovoltaic market. Single-
crystalline and multi-crystalline wafers, both types of the solar cells are in 
commercial use and so far highest efficiencies of 25.6% and 20.4% are 
obtained at laboratory scale for single crystalline and multi-crystalline silicone 
based solar cells [13]. Second generation solar cells are based upon the 
deposits of the thin film of semiconductor material. This manufacturing 
technique provides very cost effective photovoltaic systems with reduced cost 
per watt of the electrical energy produced, which dominate rest of the 
photovoltaic market. However, the conversion efficiency offered by the 
second generation photovoltaic systems is lower than the first generation 
silicon based solar cells, with highest efficiencies of 20.5% for CIGS and 
19.6% for CdTe thin film solar cell at laboratory scale [13]. 
Currently, most of the research is based upon the third generation solar cells, 
to achieve high conversion efficiency while maintaining low cost feature of 
the second generation solar cells. Third generation solar cell includes hot 
carrier solar cell, multi-junction solar cell, organic polymer-based solar cell, 
Gratzel solar cell, multiband and thermo photovoltaic solar cell [14]. 
However, in this study multi-junction solar cells are considered in form of 
concentrated photovoltaic systems for high efficiency power system with low 
cost. 
2.3.1 Multi-Junction Solar cell (MJC) 
The conventional solar cells of both first and second generations are based 
upon the single junction of the semiconductor material that responds to only a 
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certain portion of the solar spectrum for electricity production, while 
remaining portion of solar energy is dissipated as heat. In order to have higher 
efficiency, solar cell respond to maximum of the solar spectrum with 
minimum lost. 
 
Figure 2.10: Three Generations of Solar Cell [39] 
Multi-junction solar cells are basically a stack of the single junction solar cell 
such that each junction absorbs certain portion of the solar spectrum. This 
stack of the band gaps is selected such that the wide range of the solar 
spectrum is absorbed by the solar cell. From top to bottom of the stack, the 
band gap of each of the junction becomes smaller and smaller. However, the 
difference between each band gap must be as small as possible to have 
minimum spectrum loss as higher the band gap difference depicts the higher 
solar energy loss in form of heat [14]. So far the maximum efficiency of 46% 
is achieved by the multi-junction solar cell at laboratory scale [15]. The 
concept of the multi-junction solar cell as compared to single junction solar 
cell, is shown in Figure 2.11 [16]. 
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Figure 2.11: Part of Solar Spectrum Absorbed by (a) Si Solar Cells and (b) 
Multi-Junction Solar Cells 
Another important factor of comparison between single junction and multi-
junction solar cells is the maximum achievable thermodynamic efficiency. 
Shockley and Queisser first analyzed the solar cell classic limiting efficiency. 
The thermodynamic efficiency limit for a single junction solar cell under non-
concentrated radiations is 31% [40]. This thermodynamic efficiency of single 
junction solar cell is limited by the photons transmission losses, having energy 
lower  than  the band  gap and  by  the  thermal relaxation of  the  photons with  
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Figure 2.12: Best Research-Cell Efficiencies 
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energy higher than the band gap created carriers. While for the multi-junction  
solar cells, this limiting efficiency depends upon the number of the junctions 
in the stack. For the four junctions solar cell, the maximum achievable 
thermodynamic efficiency limit is 68.5%. However, this limit can be increased 
to 81% under concentrated solar radiations of intensity x10,000 [41]. Figure 
2.12 shows the chart for the best efficiencies of different solar cell materials 
and technologies obtained at laboratory scale and the multi-junction solar cells 
can be seen at the top of the chart with highest efficiency among all the solar 
cells [42]. 
2.4 Concentrated Photovoltaic and Two axis Solar Tracker 
Besides highest conversion efficiency, the multi-junction solar cells are 
expensive to fabricate for large scale applications. In order to make them cost 
effective, concentrated photovoltaic concept is used in which low cost solar 
concentrators are used to concentrate the sunlight onto a small area of the solar 
cell, thereby reducing the use of the expensive semiconductor material [43]. 
Refractive optics like Fresnel Lens or reflective optics comprising of reflective 
mirrors, either flat or curved, are used to concentrate sunlight on the solar cell 
to intensity from 200 to 1000 suns; which allows 200 to 1000 times less use of 
photovoltaic material than non-concentrated system [43,44]. Figures 2.13 and 
2.14 show the simplest arrangement of a CPV system using  lens and 
reflectors as concentrators respectively, to concentrate the sunlight onto a 
multi-junction solar cell [45]. The lenses or reflectors are designed to 
concentrate sunlight of required intensity. The concentrators increase the 
amount of solar energy falling onto the solar cell like the cell is facing 
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multiple suns and as a result, the power output and efficiency of solar cell or 
photovoltaic system increases as compared to solar cell of same are but 
without concentration [46]. 
 
Figure 2.13: CPV System arrangement using Lens Concentrator 
  
(a) (b) 
Figure 2.14: CPV System arrangement using (a) Single Dish and (b) Double 
Dish, Cassegrain 
The most basic form of CPV system consists of the concentrator, solar cell and 
the heat sink. As the concentrated sunlight falls onto the multi-junction solar 
cell, there is also a need to dissipate the waste heat from the solar cell to allow 
it to operate within the optimum efficiency limit, as the efficiency of the solar 
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cell decreases with increase in cell temperature. Therefore, heat sink or other 
cooling devices are utilized to dissipate heat to cool down MJC temperature 
within certain limits. Beside the shown schematic arrangement of the CPV 
system, another main component of CPV system is the two axis solar tracker. 
As solar concentrators are for solar beam radiations i.e. rays parallel to the 
concentrator axis, which demand CPV system to face towards sun all the time 
with high accuracy. In the concentrating assembly design of modern CPV, a 
secondary or tertiary optical glass component, called homogenizer, is attached 
optically to the MJC which not only increases the acceptance angle of the 
concentrating assembly but also guide the solar radiations towards the MJC 
with uniform distribution over the cell area. The CPV concentrating 
assemblies of refractive and reflective concentrators and with homogeniser, 
are shown in Figures 2.15 [47] and 2.16 [48-49]. 
 
Figure 2.15: CPV System arrangement with Fresnel Lens and Homogeniser 
The development of concentrated photovoltaic system (CPV) technology 
started in 1976 at National Sandia Laboratories, with the development of a 
1KW CPV system [50]. This system showed satisfactory performance, which 
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later led to development of several prototypes of 500-1000 W power capacity 
in different countries [51-53].  
  
(a) (b) 
Figure  2.16:  CPV  System  arrangement  with  (a) Single  Dish, (b) Double 
Dish and Homogeniser 
Then in 1981, Martin Marietta developed another pre-industrial and 
demonstrational 350 KW CPV plant and installed in Saudi Arabia [54]. 
Although, the developed system showed satisfactory performance but  the 
performance degradation issues with high solar cells temperature were 
observed. For reliable performance, spectrum splitting technology was also 
used using two cells at 800 suns concentration. However, all of these efforts 
could not pave the way for commercialization of the CPV system [55,56]. One 
of the main reason of poor reliability of the CPV system was the use of the 
conventional single junction silicone solar cells, which are not suitable and 
designed to operate under high concentration. The main focus was then given 
to the development of solar cell to have reliable performance under high 
temperature and concentration [57]. Later, multi-junction cells were 
considered for high concentration because of their high temperature tolerance 
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and response to broader spectrum of solar radiations that resulted in to achieve 
higher efficiency and field reliability.  
With the reliable and mature solar cell development, now the main focus is on 
the development of concentrating assembly and overall system design. 
Initially, large reflective concentrating dishes were used for the CPV system 
[58,59]. Some CPV systems were also developed for linear concentration 
using parabolic trough and linear Fresnel lens, instead of point concentration 
[60,61]. In addition, some researchers also proposed the design of the CPV 
field using multiple flat reflectors focussing at single common receiver of the 
solar cell [62-66]. The first concern with these initial designs of CPV systems 
is the use of large reflective concentrators, which are difficulty to 
manufacture. Secondly, because of high heat flux at the cell areas and larger 
size of the solar cell, the heat rejection from the cell becomes another issue, 
which requires liquid based active cooling to keep MJC temperature within 
efficient operating limit. To reduce the manufacturing cost and cooling issues, 
CPV systems were then developed with relatively small size of refractive 
concentrators i.e. Fresnel lenses [67,68]. As mentioned before, concentrators 
are designed for parallel or beam radiations, so they are always pointed 
towards the sun by using two axis solar tracker. For the CPV system, tracking 
is very important, If the solar radiations are not properly focussed then the 
power output drops to zero. Although for non-concentrating PV, the solar 
tracker can increase the power output of the system. However, for CPV 
system, it is the essential part, which also consumes the power. Some designs 
of the concentrating assembly were developed then to reduce the tracking 
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85% optical efficiency [69]. Lens-based concentrators mostly have higher 
focal length to accommodate homogeniser or secondary optics. This overall 
height of the lens based CPV system increases the instability and the shipping 
cost of the system. Different designs of the homogenises and concentrators are 
also developed to reduce the overall concentrator height and the acceptance 
angle [70-72]. Due to advantages of  mini lens based concentrators designs, 
there is also a CPV design developed based upon the miniaturization of the 
dish concentrators with secondary reflector as a flat mirror to reduce the 
overall height of concentrator assembly [73]. However, all of these studies and 
designs finally led to the current commercial CPV system designs, which are 
based upon the single stage concentration using small Fresnel lenses and the 
double stage concentration using mini parabolic and hyperbolic reflectors in 
the cassegrain arrangement [74-76]. So far, all of the CPV concentrating 
assemblies are designed with a dedicated concentrator for each of the solar 
cell, which requires a large number of concentrators in case of the mini-
concentrator CPV system design . Thus, there is a need to reduce the number 
of mini dishes, with concentrating assembly that can concentrate solar 
radiations onto multiple solar cells with single set of concentrator without 
increasing the cell size and temperature issues, as proposed in this thesis.  
Beside concentrating assembly, one of the most important concern related to 
these CPV systems is that they are designed as big units with too many CPV 
modules installed on a large two axis solar tracker, which are only suitable to 
be installed in open desert like regions with high DNI availability [77]. The 
CPV appeared to be some of those technologies that few people bought, with 
less market and customers. It must be noted that the rooftop installations of 
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conventional flat plate PV make a significant share of the total PV installed 
capacity. For most the countries, the rooftop PV installation on commercial 
and residential buildings, is aimed to contribute to 40-50% of the total PV 
installations [19]. On the other side, the commercial CPV systems are not so 
far designed to be installed on the rooftop, which gives motivation for the 
development of our new CPV field design based upon the master and slave 
configuration of the compact, smart, small and highly accurate two axis solar 
trackers which can be easily installed on the rooftop. As the trackers are 
proposed to be small and compact, large number of trackers will be required. 
However, with the proposed master and slave configuration, minimum 
hardware will be required by the slave trackers as they will receive required 
tracking information from the master tracker. The expensive sensors and 
devices will be supplied to the master tracker which will further distribute the 
information to the slave trackers. It is also worthy to mention here that the 
solar trackers required for the CPV system are different than the PV systems, 
as CPV need very high accuracy. The high accuracy of the tracking is ensure 
through hybrid tracking technique, utilizing optical tracking sensor. Most of 
the optical sensors developed for the solar tracking systems, does not offer 
tracking according to the required accuracy of the CPV. These sensors use 
classical approach of the shadow, tilt surface and the collimating tube, with an 
array of the photo-sensors. From the closed control loop and the comparison 
of the output signal of the photo-sensors, the position of the sun is determined. 
Due to requirement of the large shadow device or collimating tube for high 
accuracy, these conventional sensors are not suitable for the CPV applications 
[78]. However, the optical tracking sensor based upon the position sensitive 
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diode (PSD) is used for most of the current commercial large CPV trackers 
[79,80]. However, these PSD based tracking sensors are not suitable for the 
small systems due to their high cost for many small tracking units. Therefore, 
a cheap but highly accurate optical tracking sensor is also needed for proposed 
cheap CPV tracking system. 
It is a conception that highly efficient CPV systems are suitable for desert 
regions with high DNI availability as the CPV systems only respond to beam 
radiations (DNI). That is why big units of CPV systems are designed for desert 
regions [77]. However, conventional PV system can operate in beam and 
diffuse radiations but with lower efficiency. Ultimately, the consumer is 
interested in true total long-term power produced by the photovoltaic system. 
Therefore, a methodology is also needed that can rate the system based upon 
its long-term power output, instead of the maximum conversion efficiency. In 
this thesis, an electrical rating methodology is also proposed and the 
developed CPV systems performance is evaluated for long-term operation and 
compared with the conventional PV systems, installed in the tropical weather 
of the Singapore. This study will also help to analyze the CPV system 
performance in low DNI regions, which may help to remove the conception 
that CPV systems are only suitable in desert regions.  
2.5 Hydrogen Energy Storage 
Owing to the alarming level of the green-house gas emissions and their drastic 
effect on the global environment, renewable energy resources are proved to be 
viable option under current global warming condition. Most of the renewable 
energy resources are proved to have the potential more than the global energy 
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demand. The major global energy need is in form of electrical energy and the 
main attractiveness of most of the popular renewable energy systems, 
especially solar, wind and hydro energy, is that the electricity can be produced 
easily through simple system configuration using these renewable energy 
resources. However, one of the core requirement of the electricity or power 
production system is the continuous supply of the electricity to the consumer 
without any interruption. The availability and the potential of all of the above 
mentioned renewable energy systems, varies largely from region to region 
especially for wind and hydro energy. However, solar energy is easily 
available and accessible around most of the regions and the photovoltaic 
system provides simplest way for electricity production directly from the solar 
energy [7-9]. As discussed before, solar energy has the highest energy 
potential among all energy resources and it can alone supply 10,000 times 
more energy than current global energy demand [5,6]. Like many other 
renewable energy systems [20], solar energy is not available all the time and at 
a constant rate. Beside higher energy potential, in order to be proved to be a 
practical power production system, a steady supply of the power at a constant 
rate is required [21]. Solar energy is only available during diurnal period but 
not all the time and at constant rate due to cloud cover and weather changes. 
Moreover, the continuous motion of the sun also results in the variable solar 
intensity during different periods of time in a day, due to changing Air Mass 
(AM). Therefore, due to intermittent nature of the solar energy, an energy 
storage system is needed such that the energy during the time of excess power 
production is stored and then supplied back to the system during the time of 
low or no power production.  
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The common energy storage method employed for most of the photovoltaic 
systems, is the electrochemical storage using batteries. The battery bank 
provides convenient energy storage option for the systems with small capacity 
and short-term energy storage requirements due to convenience in charging 
and discharging and high round trip efficiency [81-83]. For most of the solar 
energy systems, the design is based upon the long term operation of 20-25 
years lifetime period [25]. For long term storage, the batteries do not provide 
technically and economically feasible option especially for medium to large 
capacity systems [26], due to their self-discharging, low energy density and 
the leakage problems. Some other energy storage techniques of compressed 
air, pumped hydro, thermal storage and super-capacitors also provide the 
storage for the short term operation of only few day, hours or seconds [84]. 
Moreover, the application of these energy storage techniques is also not 
proved to be reliable especially for photovoltaic systems. Therefore, for the 
utilization of intermittent energy resources like solar energy, hydrogen 
production provides reliable and most-suitable energy storage option for 
medium to long term storage.  
Hydrogen is considered as the promising alternate fuel of the future due to its 
sustainable nature and capability to store high quality energy; electricity from 
the fuel cell or  heat from the direct combustion. Beside energy storage, 
hydrogen can also be used as energy carrier in form of the independent energy 
source as it can be easily transmitted anywhere with convenience [85]. In this 
scenario, hydrogen is believed to be considered as feasible option for 
sustainable and reliable operation of the energy systems. There are many 
methods for the production of the hydrogen using solar energy in form of 
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thermal energy, electrical energy, bio-energy and photon energy. Different 
process are developed for the production of hydrogen from above mentioned 
energy types [86]. However, the cheapest and widely used method for 
production of hydrogen for industrial need is the steam reforming of the fossil 
fuels especially methane or natural gas, followed by the oil and coal as 
hydrogen is one of the main constituent of the fossil fuels. This method 
contributes to the 96% of the total global hydrogen production [87]. Beside the 
production of hydrogen, greenhouse gases like CO and CO2 are also produced 
through steam reforming of fossil fuels thereby making it not suitable option 
to be used for sustainable energy system. Another popular and simple process, 
that shares remaining 4% of the total global hydrogen production, is the 
electrolysis of water that uses electricity to split the water molecules for 
generation of hydrogen, with oxygen as by-product [88]. However, 
electrolysis provides viable and sustainable option for the production of 
hydrogen if the electricity is generated through renewable energy resources 
and the photovoltaic systems provide simple and convenient production of the 
electricity directly from the solar energy.  
2.5.1 Water Electrolysis Theory 
Water electrolysis is a simplest and popular process to split up the water 
molecule to produce hydrogen and oxygen. The main component of the 
electrolysis unit is the electrochemical cell, called as the electrolyser, as shown 
in Figure 2.17. In electrolyser, electrodes are separated by the electrolyte 
either liquid based or solid based, and connected to the external electrical 
power source. When a voltage higher than a certain minimum value is applied 
across the electrodes, the electrolysis process starts and hydrogen starts 
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producing at the negative electrode (cathode) and oxygen at the positive 
electrode (anode). The amount of the current passing through the electrolyser 
determines the amount and rate of production of hydrogen and oxygen [89].  
 
Figure 2.17: Sketch of Electrolyser 
In electrolytic water, H
+
 and  OH
-
 ions are always present in a certain 
percentage of equilibrium, represented by: 
H2O (l)                             H
+
 (aq) + OH
-
 (aq) 
When electricity is supplied to the electrolyser through electrodes, the positive 
ions (H
+
) are attracted towards cathode and negative ions (OH
-
) towards anode 
and hydrogen and oxygen gases are released at the cathode and anode 
respectively, due to oxidation and reduction reactions as shown below: 
4OH
-





 (aq) + 2e
-
                                        H2 (g) 
When electrolysis is done in an acidic or basic electrolytic medium, the 
reaction equations are slightly different due to presence of catalyst and some 
other ions. However, overall reaction for the electrolysis of water is given by 
the following equation: 
2H2O                  (4e
-
)                   O2 + 2H2 
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In order to find the minimum voltage required for the electrolysis process to 
start-up, first there is a need to clear some basic ideas. Water electrolysis is a 
reverse process of the fuel cell reaction. In electrolysis, water molecule is split 
up into hydrogen and oxygen by application of the electrical energy. While in 
fuel cell, hydrogen and oxygen gases combine together to form water 
molecule and produce electricity equal to 237.2 kJ/mol. This energy is called 
as Gibbs free energy for fuel cell which is the net work done produced by 
system. Fuel cell reaction equation is given by. 
H2 + 1/2 O2                                H2O(liquid) 
This equation is similar to that for calculation of the heat of combustion of 
hydrogen, which is 285.8 kJ/mol. However, electrical energy produced by fuel 
cell is 237.2 kJ/mol and remaining 48.6 kJ/mol is released as heat. So fuel cell 
complete reaction equation can be written as: 
H2 + 1/2 O2            H2O(liquid) + 237.2 kJ/mol (Electricity) + 48.6 kJ/mol (Heat) 
Gibbs free energy can be converted into corresponding thermodynamic 
voltage from following equation: 
   
                 
   
  
      
       
         (2.2) 
Where ne=2 i.e. the number of electrons needed to create one molecule of 
hydrogen and F=96485 coulombs/mole (Faraday constant). Thermodynamic 
voltage of 1.23 volts are produced when a water molecule forms. Similarly, 
same amount of the voltage should be needed to split the water molecule. But 
during the water molecule formation, some amount of energy is released in 
form of the heat which also must be supplied at the same time. Therefore, at 
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least total 285.8 kJ/mol energy is needed to be supplied to split the water 
molecule. The voltage corresponding to the heat of combustion of the 
hydrogen is given by the Equation (2.3). 
    
   
  
  
      
       
         
This is the minimum voltage that is theoretically required to split the water 
molecule into hydrogen and oxygen. However, practically more amount of 
voltage is needed due to some losses [90]. Based upon the electrolytic 
medium, there are two types of the electrolysers, alkaline and proton exchange 
membrane (PEM). 
2.5.2 Alkaline Electrolyser 
Alkaline electrolyser is based upon a well established technology which 
normally use 25-30 %wt. KOH aqueous solution as the electrolytic medium. 
Other solutions like NaOH and NaCl can also be used based upon the reaction 
environment. The electrolytic solution acts as catalyst which only  helps to 
conduct the ions between two electrodes and is not consumed during the 
reaction. However, there is still a need to replenish it periodically due to other 
system losses. Basic form of the alkaline electrolyser consists of a tank 
containing electrolyte and electrodes which are fully dipped into electrolytic 
solution. The electrodes are separated by a diaphragm which allows the ions to 
pass through it but prevents the gases from mixing, produced at the electrodes 
which are separated be a very small distance. Based upon the design 
configuration, there are further two types of the alkaline electrolysers, unipolar 
and bipolar as shown in the Figures 2.18 and 2.19 [91]. 
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Figure 2.18: Unipolar Electrolyser 
 
Figure 2.19: Bipolar Electrolyser 
Each of the design configurations has its own significance. Unipolar 
electrolyser design requires very few parts with simple construction and easy 
maintenance as each the electrode pair is working independently and 
electrodes can be easily replaced while the others are still in operation. Bipolar 
design consists of alternate layers of the electrodes with diaphragm for the 
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gases separation. As the electrolyser cells are connected in series in bipolar 
design, so there is a need for high stack voltages. However, the size of the 
bipolar electrolyser is thinner than the unipolar. For the repairing work, the 
whole stack is removed and serviced [91].  
2.5.3 Proton Exchange Membrane  (PEM) Electrolyser 
PEM electrolyser is another commonly used commercial electrolyser, also 
referred as SPE (solid polymer electrolyte) or PEM ( polymer electrolyte 
membrane), as the solid electrolyte is used as the conducting medium. The 
catalyst and the electrolyte materials are coated onto a solid membrane with 
two electrodes at the extreme sides. Membrane is not electrically conductive 
but allows the ions to pass through. It serves as a separator to separate the 
produced gases at the electrodes from mixing. Unlike the alkaline electrolyser, 
deionised (DI) water is only used in PEM electrolysers. PEM electrolysers can 
operate at high current densities then the alkaline electrolysers and are the 
main focus for future research. Simple construction of PEM electrolyser is 
shown in Figure 2.20 [91]. 
 
Figure 2.20: Sketch of PEM Electrolyser 
Chapter 2 
Page | 37  
2.6 Standalone Systems and Design Optimization 
Hydrogen production is proved to be a sustainable option for the energy 
storage. However, the stored hydrogen, to be used as an energy storage, must 
be supplied back to the consumer in form of the primary energy when needed. 
The systems with this type of configuration are called standalone systems, 
which can supply electricity without any interruption and external supply. The 
schematic of the simple operation loop of a standalone solar energy system is 
shown in Figure 2.21. The electricity produced by the solar energy system is 
supplied to the consumer or load. While after fulfilling the consumer load 
requirement, the excess electricity is supplied to the hydrogen production 
system and the produced hydrogen is later sent to the storage system. When 
the electricity produced by the solar energy system is not enough to meet the 
consumer load requirements, then the stored hydrogen is supplied back to the 
hydrogen utilization unit that supply electricity to consumer according to the 
power deficiency. Therefore, in order to tackle the intermittency and steady 
power production, the solar energy systems must operate as a standalone 
system and the hydrogen production provides the most reliable, sustainable 
and long-term energy storage solution.  
 
Figure 2.21: Simple Schematic of Standalone Solar Energy System with 
Hydrogen Production as Energy Storage 
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As the solar energy system provides electricity to the consumer, so the 
hydrogen production system in the shown schematic of standalone system is 
the electrolyser that converts water into hydrogen and oxygen. Similarly, the 
energy from the storage is also needed in form of the electricity. Therefore, the 
hydrogen utilization system is based upon the fuel cell that converts stored 
hydrogen and oxygen into electricity with water production as by-product. 
Another important aspect of standalone energy systems is the storage of 
hydrogen. The most common methods of hydrogen storage are liquefaction of 
hydrogen, high pressure compression storage, adsorption storage and metal 
hydride storage [92]. Among all the storage techniques, the compression 
storage of the hydrogen at high pressure provides simple and the convenient 
option such that hydrogen is readily available without any pre-processing [93]. 
The only concern raised for the compressed hydrogen storage is the 
volumetric capacity [94] at conventional storage pressure of 200-350 bar. 
However, the volume is not considered as the constraint for standalone system 
especially based upon solar energy. Beside volumetric capacity, another very 
important factor that is needed to be considered is the storage capacity 
(Gravimetric Capacity) corresponding to the overall mass and size of the 
system. The volumetric capacity can be increased to competent level if storage 
pressure is increased to 700 bar, but the gravimetric capacity may slightly 
reduce [95]. The volumetric capacity can be increased through liquefaction of 
the hydrogen. However, due to very low temperature requirement, this method 
is not very efficient and boiling of the hydrogen (above 20K) is also another 
issue [96]. The adsorption and metal hydride storage techniques provide high 
volumetric capacity and solution related to the high pressure storage problems. 
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In comparison, the adsorption storage technique offers comparatively low 
gravimetric capacity than the metal hydrides [97]. Although the metal 
hydrides offer storage at low pressure, but the main issue is also the 
gravimetric density offered by them. At very low pressure and temperature, 
metal hydrides offer very low gravimetric capacity of about 1% or less, which 
can be increased to 2.5-3% at pressure of 350bar [98]. This means, in order to 
have storage of 50kg of hydrogen, 2000-2500 kg of storage material is needed 
for gravimetric capacity of 2-2.5%. In the literature, very high gravimetric 
capacity of above 10% is reported for metal hydrides [99,100], but at very 
high pressure and temperature. However, this demands extra work of 
compression and extra thermal energy input, along with the big and complex 
configuration of the system with regeneration requirement. Therefore, the 
compressed hydrogen storage at high pressure in the storage tanks provides 
the simple, most convenient  and reliable long-term energy storage option.  
The main aspect of the standalone energy system development is the design 
optimization, which includes the size optimization of each of the component 
of the standalone system along with energy management and control 
strategies. The system size is optimized such that it has enough capability to 
fulfil the energy requirements of the consumer load along with the enough 
energy storage to handle the power interruptions for long-term operation. The 
system performance is simulated based upon the long term weather data to 
optimize the system size for uninterrupted power with enough energy storage 
to meet the load requirements. There are many studies in the literature 
regarding the standalone energy system optimization with hydrogen 
production, based upon the size [101], techno-economic optimization with 
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optimum efficiency and control strategy of each of component of the system 
[102,103]. In order to handle small power ripples with better system 
management and control, PV-hydrogen system was hybridized. The purpose 
of the techno-economic optimization is to get the optimum system size while 
keeping the overall system cost minimum. However, the cost and the size of 
the system can be reduced by capturing most of the available renewable 
energy and converting into electricity. In the literature, all of the studies are 
based upon the photovoltaic systems considering the conventional PV system, 
which offers very low energy conversion efficiency. Many researchers have 
considered to adopt the hybridized system of PV and wind turbine with 
hydrogen production [104-106] or along with the small capacity battery 
storage [107-109]  to reduce the overall system cost and the size of the system. 
Some authors also proposed and analyzed the PV system in hybridization with 
the diesel generator system to significantly reduce the overall system cost and 
the energy storage [110,111], but the main concern of green house gas 
emission is still there. Despite of highest solar energy conversion efficiency, 
the literature is lacking for study related to standalone system with CPV which 
can reduce the overall size of the system. In this thesis, the optimization 
algorithm and energy management technique for standalone operation of CPV 
are also developed with hydrogen production as energy storage. 
Therefore, based upon the literature, it is found that a compact and cheap 
design of the CPV is needed with the development of complete theoretical and 
experimental framework for consideration of CPV as reliable steady power 
system or stand alone system, for which hydrogen production provides 
sustainable energy storage option.  
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Chapter 3: Development of Two Axis Solar Tracker 
with Master Slave Configuration for CPV Field 
3.1 Introduction 
The two-axis solar tracker is one of the key components of a concentrating 
photovoltaic (CPV) system. The solar concentrators can only respond to solar 
beam radiations and that is why CPV systems need two axis solar tracking 
system to face towards the sun during their operation. Therefore, the 
performance of the CPV system, to some extent, is dependent on the accuracy 
and precision of the solar tracking system as very high tracking accuracy is 
required for CPV system operation and poor or inaccurate solar tracking may 
lead to 100% power loss.  
Most of the commercial CPV units are available in large size with 
corresponding larger tracking units, designed for open fields in desert areas 
but not suitable for urban or residential areas or rooftops of residential 
buildings, unlike conventional PV systems. In this chapter, a novel master and 
slave configuration of the CPV field tracking system is proposed with small, 
compact and smart but cheap two-axis hybrid solar trackers, which are 
designed, developed and experimentally tested. The developed two-axis solar 
tracker is based upon the hybrid tracking algorithm, utilizing both active and 
passive tracking methods. By following the passive technique as  main 
tracking algorithm, the tracking accuracy is ensured through active tracking 
algorithm. The passive tracking follows predefined solar geometry and active 
tracking utilizes photo-sensors for solar position feedback. Due to expensive 
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design of conventional solar feedback sensor, a novel and cheap but highly 
accurate solar feedback sensor design is also discussed in this chapter with 
tracking accuracy of ±0.1
o
. In addition, a microcontroller based tracker control 
box is developed for tracker operation and is tested for long term operation. 
For tracking system of CPV field, the overall tracking algorithm is based upon 
master slave control in which all the slave trackers receive tracking 
information from master tracker thereby eliminating the need of expensive 
modules for each tracker. The tracking code is developed using C-
programming language such that the solar tracker can operate at any location 
by using coordinates obtained through GPS module.   
3.2 Development of Solar Tracking Technique 
The two-axis solar tracker is developed based upon hybrid algorithm of 
passive and active tracking techniques as each tracking technique has certain 
limitations and if relied only on one method, accurate solar tracking is difficult 
to achieve. Passive tracking, also called as astronomical tracking, follows the 
predefined solar movement path using solar geometry equations and the 
tracker is rotated according to calculated solar angles, defined from certain 
reference point. However, the mechanical driving assemblies are prone to 
backlash or wear and tear, which can cause tracking error as 
passive/astronomical tracking works on open loop, without any feedback. In 
order to ensure the accurate tracking, the feedback is necessary. 
The active tracking, also called as optical tracking, uses photo-sensors and the 
solar position is determined  according to feedback from photo-sensors. 
However, in case of cloud cover, the optical tracking doesn't work as there is 
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no feedback from photo-sensors. That is why, accurate tracking cannot be 
achieved by relying purely on single tracking method. Therefore, a hybrid 
tracking algorithm is utilized for accurate solar tracking of concentrated 
photovoltaic (CPV) systems. The tracker follows the astronomical tracking in 
first stage and the accurate tracking is ensured by optical feedback. 
 
Figure 3.1: Plan  View  Showing  Azimuth and Zenith Angles 
3.2.1 Astronomical Tracking 
The sun's movement in actual is because of rotation of earth around the sun 
and about its own axis. Due to this relative motion, the angle of solar beam 
radiations hitting the surface of earth changes continuously. The apparent 
motion of the sun follows a certain path and geometry that can be traced and 
predicted with extreme accuracy for years at any part of the world [112]. 
Azimuth and zenith are two angles that define the sun position with respect to 
horizontal and vertical planes respectively, as shown in Figure 3.1. The 
calculation of azimuth and zenith angles depends upon the other astronomical 
values such as declination angle, hour angle, solar time, latitude, longitude, 
date and time of certain place where solar position is needed to be determined. 
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Solar time is like 24-hour clock where 12:00 is called as solar noon when sun 
is at the meridian of the observer. The solar time is different from local time 
and depends upon the longitude of local position. Therefore, the conversion of 
local time into solar time is of high importance and needs two corrections.  
First correction is based upon a constant depending upon the longitude 
difference of the standard meridian, at which local time is based, and the 
meridian of observer. For Singapore, local time is based upon  GMT+8. As it 
takes 1 hour for sun to rotate 15
o 
(4 min/degree), so longitude for standard 
meridian is 120
o
.  Second correction for the solar time is based upon the 
difference between mean solar time, which is average solar time because of 
elliptical earth's orbit and apparent solar time or real solar time, and is given 
by error of time (EOT) equation. The relation between solar time and local 
time (in minutes) is given by Equation (3.1). 
EOTLL  Time Local  Time Solar locst  )(4   (3.1) 
Wherre Lst is standard longitude of local time zone and Lloc is longitude of 
local observer position. However, reference for longitudes is west in degrees. 







  (3.2) 





B   (3.3) 
The angular displacement of the sun with respect to local meridian east or 
west due to rotation of earth, is given by hour-angle (ω) in Equation (3.4). 
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There is change of 15
o
/hour in hour-angle. At solar noon or at the lowest value 
of zenith angle, the hour angle is zero and is considered negative before solar 










 time Solar  (3.4) 
At solar noon, the angular position of sun with respect to equator is defined by 







        (3.5) 
Now, the zenith angle, which is the angle between the direction of solar 
radiations and the vertical of local observer, is given by Equation (3.6). During 




. For a zenith angle greater than 
80
o
, there is a difference of 0.834
o
 in the apparent position of the sun due to 
refraction of solar rays through atmosphere. However, for engineering 
application, this difference can be neglected for low latitudes. 
 coscoscossinsincos z  (3.6) 
Where ϕ is latitude of local position. The other tracking angle needed to 
describe solar position is the azimuth angle, which can be found using 
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Chapter 3 













  (3.7) 
Where the value '90' is to change the reference plane from north to south. 
Another important parameter in solar tracking is the time at which the tracker 
must start or stop solar operation and it should be the sunrise and sunset 
timings at that particular location, given by Equations (3.9A) and (3.9B) [113]. 
622.6)06571.0(  SRSR tT   (3.9A) 
622.6)06571.0(  SSSS tT    (3.9B) 
Where α is the sun right ascension and the values of factors tSR and tSS are 
























nt   (3.11) 
The Lloc(H) is the local longitude considered in the form of hours (15
o
=1 hour). 
The significance of the above mentioned tracking method is that it can be 
easily applied with high accuracy and simple programming. However, care 
must be taken during initialization from reference planes. As explained before, 
due to backlash problems of the mechanical assembly, tracking error can occur 
for astronomical tracking, which can be corrected through active or optical 
tracking method, as explained in the next section. 
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3.2.2 Active Tracking 
Unlike passive tracking, the active tracking technique is based on the actual 
position of the sun. In active tracking, a certain arrangement of photo-sensors 
is utilized such that their output feedback is interpreted to determine the 
position of the sun. The important performance parameters for active tracking 
are accuracy and sensitivity. The tracking requirements, related to accuracy 
and stability, of CPV applications are very high as the tracking error may 
cause the CPV power output to drop from 100% to 0% within a short range of 
error. The basic concept for the working of conventional feedback sensor is 
explained in Figures 3.2 and 3.3. 
 
Figure 3.2: Active Tracking Sun Position Sensing Schematic 
 
Figure 3.3: Active Tracking Algorithm 
The view plane for solar feedback sensor is divided into four quadrants: zenith 
positive, zenith negative and azimuth positive and azimuth negative. One 
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photo-sensor is dedicated to each quadrant and by comparing the output of the 
two respective photo-sensors, the tracking position is determined. In the case 
of the accurately tracked sun, the output signals from all the sensors are equal. 
If the sun position is towards positive zenith or positive azimuth then the 
outputs of 'sensor 1' and 'sensor  3' are higher than the 'sensors 2' and 'sensor  
4', and vice versa. Therefore, the tracker is rotated such that the output signals 
of opposite sensors become equal. In order to sense the solar movement, a rod 
type component is used to create shadow on photo-sensors if sun is not 
properly tracked, as shown in Figure 3.4. for this purpose, normally CdS 
sensors are used as the photo-sensors, for which the electrical resistance varies 
with change in the light intensity. The main drawback for this design is the 
poor accuracy and the low sensitivity. Equation (3.12) gives the height of 









Figure 3.4: Rod Type Solar Feedback Sensor (a) Design (b) Prototype 
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For 4 mm as the width of CdS sensors, the effect of angular offset on the 
height of column for shadow is shown in Figure 3.5. It can be seen that the 
extraordinary height of column is required for very high accuracy 0.1-0.3
o
, 
making this design impractical for high accuracy CPV application. In addition, 
non-uniform and non-linear response of CdS sensors was observed even at the 
same irradiance level, resulting in inaccurate feedback. 
 
Figure 3.5: The Effect of Angular Offset on the Height of Shadow Column 
Due to non-linear and non-uniform response of CdS sensors even at the same 
irradiance level, another solar feedback sensor was designed using the single 
convex lens and an array of photo-sensors, as shown in Figure 3.6. The 
principle of  operation is that the sunlight is focused exactly in the centre of 
array of photo-sensors for perfect tracking and ray parallel to lens axis. 
However, with the tracking error induced, the solar radiations hitting the 
convex lens does not remain parallel to axis of lens and as a result the focused 
sunlight spot deviates linearly from the centre of photo-sensor array. When the 
tracking error exceeds a certain limit, the focussed sunlight spot hits any of the 
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photo-sensor, resulting higher output feedback indicating non-accuracy of 
tracking. In response to the feedback, the tracker is rotated such that to bring 
the concentrated sunlight spot again in the centre of the photo-sensor array, 
which indicates that the tracker is again facing towards the sun accurately and 
the output of all photo-sensors goes low.  
 
Figure 3.6: Schematic of Single Lens Solar Feedback Sensor 
The main advantage of this configuration of feedback sensor is that it 
eliminates issues related to the non-linear response of the photo-sensor as the 
intensity of sunlight hitting the photo-sensor is always higher than the 
maximum range of photo-sensor. The distance 'd' between photo-sensors is 
adjusted according to the required tracking accuracy. Higher value of 'd' 
results in lower tracking accuracy and vice versa. However, the most 
important parameters are the sensitivity  and response of solar feedback sensor 
against the tracking error or angular deviation of incident ray. The sensitivity 
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of the feedback sensor is defined as the angular deviation of concentrated rays 
against a very small angular deviation in incident rays or tracking error. The 
response of the feedback sensor corresponds to linear deviation of 
concentrated sunlight spot against angular deviation of incident rays. In order 
to determine the sensitivity and response of single lens solar feedback sensor, 
the ray tracing simulation of convex lens of diameter 20 mm and focal length 
of 80 mm was carried out using TracePro software, as shown in Figure 3.7. 
 
 
Figure 3.7: Ray Tracing Simulation of Single Lens Solar Feedback Sensor 
 
The variation of angular deviation of concentrated beam against the angular 
deviation of incident rays for single lens solar feedback sensor is shown in 
Figure 3.8. It can be seen that the slope of the graph is almost 1, which 
corresponds to poor sensitivity of the single lens solar feedback sensor. 
However, Figure 3.9 shows the response of the feedback sensor for different 
focal lengths against the angular deviation of incident rays. It can be seen that 
response of feedback sensor is high for higher focal length. It can be seen that 
Chapter 3 
Page | 52  
for focal length of 250mm or above, the response of the feedback sensor is 




. As focal length determine 
the overall height of feedback sensor but larger height is not suitable for 
practical design. For the same response but with high sensitivity and overall 
height, the double lens collimating feedback sensor was finally developed, 
tested and operated for current CPV project. 
 
Figure 3.8: The Angular Deviation of Incident Rays through Single Lens Solar 
Feedback Sensor 
 
Figure 3.9: The Response of Single Lens Feedback Sensor for Different Focal 
Length against Angular Deviation Of Incident Rays 
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3.2.3.1 Development of Double Lens Collimating Solar Feedback Sensor 
In order to have higher sensitivity and accuracy of optical feedback tracking, a 
solar feedback sensor was developed based upon double lens collimator 
design. The operating principle of double lens collimating solar feedback 
sensor, as shown in Figure 3.10, is same as described for single lens solar 
feedback sensor. However, the certain arrangement of convex and concave 
lenses gives collimated concentrated beam. The converging rays from the 
convex lens become parallel again with the concave lens placed on the way. 
As far as the collimated beam remains in the middle of photo-sensors array, 
the sun is considered to be tracked accurately; otherwise it is adjusted 
accordingly against feedback. If Dcx is the diameter of the convex lens with 
focal length fcx and focal length of concave lens is fcn, then Equations (3.13) 
and (3.14) give the distance between two lenses S and the thickness of the 
collimated beam bt after the concave lens, respectively. 







b    (3.14) 
The Equation (3.14) is derived from corresponding right angle triangle, made 
by converging beam within the lens spacing 'S'. Based upon convex lens of 
20mm diameter with 80 mm focal length and concave lens of 12 mm diameter 
and 12 mm focal length, the current solar feedback sensor was developed. By 
using Equations (3.13) and (3.14), the distance between lenses and thickness 
of collimated beam were calculated to be 68 mm and 3mm, respectively. 
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However, the distance between photo-sensors will be decided according to 
response of feedback sensor and the required tracking accuracy. 
 
Figure 3.10: Schematic of Double Lens Solar Feedback Sensor 
The ray tracing simulation results of double lens solar feedback sensor for 
above mentioned dimensions and with the parallel ray grid source, are shown 
in Figure 3.11. A perfect collimated beam of parallel rays can be seen after the 
concave lens. However, due to chromatic and spherical aberration of the 
lenses, the thickness of collimated beam from simulation was found to be 
3.4mm instead of designed value of 3 mm. Although, convex and concave 
surfaces of the lens are optimized to minimize this effect, but due to wide 
range of wavelength in the solar spectrum and the corresponding refractive 
index variations, these effects cannot be completely eliminated using single 
convex/concave lens only. That is why, instead of perfect designed point 
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focus, the focus point becomes slightly bigger which causes the discrepancy in 
the collimated beam size, than the designed value. However, it does not affect 
the operation as the displacement in the collimated beam is sensed. For 
sensitivity and response analysis of developed feedback sensor, the angular 
and linear deviation of collimated beam are plotted against the angular 
deviation of incident rays, as shown in Figure 3.12 and 3.13. It can be seen in 
Figure 3.12 that the proposed double lens has sensitivity of 7.45, which 
depicts the deviation of 7.45 units in the collimated beam against the one unit 
deviation of incident rays, which is much higher than the single lens design. 
Moreover, the response of the feedback sensor was investigated for spacing of 
30 mm, 40 mm and 50 mm between photo-sensor array and the concave lens, 
as shown in Figure 3.13. It can be seen that the linear deviation of collimated 
beam at 0.3
o
 for 30 mm spacing is almost same as 250 mm spacing for single 
lens feedback sensor design.  
  
 
Figure 3.11: The Ray Tracing Simulation Results of Double Lens Feedback 
Sensor with Parallel Ray Grid Source 
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Figure 3.12: The Angular Deviation of Incident Rays through Double Lens 
Solar Feedback Sensor 
 
Figure 3.13: The Response of Double Lens Feedback Sensor for Different 
Lens-Sensor Plate Distance against Angular Deviation of Incident Rays 
From Figure 3.13, it can be seen that for angular deviation of 0.3
o
, the linear 
deviation of collimated beam is 1.12 mm. this indicates that in order to design 
a feedback sensor for tracking accuracy of 0.3
o
 and collimated beam thickness 
of 3.4 mm, the spacing between sensors 'd' should be near to 5.64 mm. For the 
developed solar feedback sensor,  the sensor spacing of 6mm was selected for 
tracking accuracy slightly higher than 0.3
o
. However, for angular deviation 
higher than 0.3
o
, the collimated beam hit the photo-sensor and the tracker 
position is adjusted accordingly, as shown in Figure 3.14. Thus, with the 
Chapter 3 
Page | 57  
proposed double lens collimated design, higher sensitivity with tracking 
accuracy of 0.1
o











Figure 3.15: Developed Prototype of Double Lens Solar Feedback Sensor 
The developed prototype of the double lens collimating solar feedback sensor, 
designed for 0.3
o
 tracking accuracy, is shown in Figure 3.15. A perfect 
concentrated and collimated bright spot of sunlight can be seen in middle of 
photo-sensors array. The photo-sensors array is connected to a 10 pin 
connector for feedback communication with a microcontroller. As the 
resistance of photo-sensor changes when light hits the sensing part; it is 
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connected in voltage divider configuration with constant resistor to translate 
this resistance change into voltage change. The electrical circuit configuration 
of solar feedback sensor is shown in Figure 3.16. If a constant voltage is 
applied to series combination of photo-sensor and resistance, then a certain 
amount of voltage drop occurs across each component. When bright light spot 
hits the photo-sensor, the voltage drop across it changes. If the voltage drop is 
above threshold value, then the tracker is adjusted accordingly. 
 
Figure 3.16: Electrical Connection arrangement for Photo-Sensors Array 
3.3 Development of Tracking System for CPV Field - Master 
and Slave Configuration 
The CPV field consists of many units of CPV systems, whose power output 
are combined to meet the larger energy requirement. In a CPV field, a separate 
solar tracker is dedicated for each CPV system unit. In order to provide a cost 
effective and simple control technique for CPV field, a master and slave 
configuration is proposed. In a master slave configuration, the master tracker 
sends the necessary information required for the operation of slave trackers. 
Each of the tracker in CPV field operates on same tracking algorithm. 
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However, only the master tracker is equipped with sophisticated and 
expensive modules and the required tracking data, which after receiving and 
sorting, is transmitted wirelessly to slave trackers in the field. Therefore, 
instead of equipping each tracker  with the expensive devices, these are 
replace with a wireless transceiver.  
 
Figure 3.17: Master and Slave Network arrangement using ZigBee 
A wireless control technique using ZigBee protocol, is proposed for master 
slave configuration as ZigBee offers low cost communication technique using 
radio frequency based upon IEEE 802.15.4 physical radio specification. In 
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ZigBee communication, the coordinator (C) device, in master tracker, creates 
the network and rest of the slave ZigBee devices, routers (R) and end devices 
(ED), join the network. A schematic of master and slave configuration of solar 
trackers is shown in Figure 3.17. In this ZigBee network, coordinator transmits 
information to the routers, which transmit it further to end devices. The shown 
network has maximum depth (Lm) of '2' and the maximum number of routing 
capable children (Rm) and non-routing capable children (Cm) a parent can 
have, are '4' and '3' respectively. Equation  (3.15a) or (3.15b) [114] gives the 
Cskip factor, which is a factor used to allocate the address to Zigbee in a 
certain sequence, in each depth or ring. The reference for Cskip value is taken 
as zero (0) for the outermost ring with maximum depth. Then the rest of the 
values for Cskip factor are calculated using Equations (3.15a) and (3.15b). 




















The address to the devices are given in series from coordinator to end device. 
However, for multiple routing children, the address of next parent child is the 
value of Cskip of its parent plus the address of other previous child of same 
parent. For zero Cskip, all the children act as non-routing children or end 
devices. For the current CPV system, the master slave configuration is applied 
to 4 developed trackers with one master tracker and three slave trackers as end 
nodes, as shown in Figure 3.18.  
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Figure 3.18: Master and Slave arrangement of Developed CPV Field 
3.4 Solar Tracker Hardware Development 
Hardware development of two axis solar tracker is based upon the electrical 
circuit and mechanical structure with driving assembly. Electronic circuit is 
responsible for implementation of tracking algorithm and control, while 
mechanical assembly consists of supporting structure and driving assemblies 
for rotation of tracker. Further details are given in the following sections. 
3.4.1 Electrical Circuit Development 
The block diagram of electrical circuit or control box for the developed two 
axis solar tracking system is shown in Figure 3.19. The electrical circuit is 
divided into three main blocks: power supply, master tracker control box and 
slave tracker control box. The power supply unit is responsible to supply 
power to microcontroller and the driving motors. The control box for master 
tracker contains all the required modules for tracker operation and the device 
to receive and transmit the required tracking information. The heart of the 
tracker control box is ATmega2560 microcontroller which executes the 
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developed tracking code and also acts as link between other electrical 
components and devices.  
In the master tracker, the main information required for astronomical tracking, 
local location and the current time and date, is obtained through GPS. The 
GPS module is connected to microcontroller through Universal 
Synchronous/Asynchronous Receiver/Transmitter (USART) port, which 
transfers data through serial communication. Information obtained from GPS 
is also used to initialize Real Time Clock (RTC) module. The RTC module 
provides information of real time to microcontroller through I2C protocol. The 
battery backup of RTC keeps clock running in case power supply is switched 
off. Solar feedback sensor  is connected to the microcontroller through ADC 
(Analogue to Digital Converter) to convert analogue voltage value to 
corresponding digital value for the microcontroller to understand. In System 
Programming  (ISP) and serial communication are used by microcontroller to 
communicate with computer using ISP-USB and Serial-USB device. The LCD 
provides onsite display of tracking parameters to verify tracker operation. The 
driving stepper motors are controlled by the microcontroller through motor 
drivers. Motor drivers translate the digital signal of microcontroller to control 
rotation of motors. The ZigBee module is connected to microcontroller 
through USART port and transmits the required tracking information of 
latitude, longitude, date and time or tracking coordinates to control box of 
slave trackers.  
The slave tracker control boxes are equipped with only microcontroller, motor 
drivers, solar feedback sensor and ZigBee module. The  Zigbee  eliminates  
the  need  of  other  modules by receiving required tracking from slave tracker. 
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Figure 3.19: Block Diagram of Electrical Circuit of Two Axis Solar Tracking System  
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Figure 3.20: Control Box for (a) Master Tracker (b) Slave Tracker 
As a result, a simplified control box does the same tracking job without the 
need of other electronic modules. The developed control boxes for master and 
slave trackers are shown in Figure 3.20. Most of the components like LCD, 
ISP-USB and UART-USB converters are optional and do not require for 
operation. Only one time use of ISP-USB is required to load the tracking 
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program in microcontroller. In addition, a small microcontroller like 
atmega128 can be used for slave trackers. The use of atmega2560 and other 
optional modules is to have additional feedback regarding system 
performance, that is developed as a test rig. The developed power supply unit 
is shown in Figure 3.21, containing 24V DC switching power supply for 
driving motors and 12V AC/DC converters to power four microcontrollers of 
each solar tracker. 
 
Figure 3.21: The Power Supply Box for Developed CPV System 
3.4.2 Mechanical Structure and Driving Assembly 
The mechanical assembly of solar tracker consists of support structure and 
driving assemblies. Driving assemblies utilize stepper motor with worm gear 
and wheel for tracker rotation. The mechanical structure provides rigid support 
to driving assemblies and provides platform for the installation of  CPV 
modules. Figure 3.22 shows the labelled 3D model of developed two axis solar 
tracker. The isometric view of tracker is also shown in Figure 3.23. Each of 
the tracker has two driving assemblies; the lower driving assembly is 
responsible for azimuth rotation and the upper driving assembly follows zenith  
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Figure 3.22: Two Axis Solar Tracker Mechanical Components 
angle. According to the torque requirements of each of the driving assembly, 
the gear ratio of 40 and 60 for worm gear and wheel are selected for azimuth 
and zenith driving assemblies. The higher gear ratio of zenith driving 
assembly is selected as it has to carry the overall weight of the CPV module. 
The stepper motor utilized can rotate wit step size of 1.8
o
 and the motor drive 
can further lower this step by maximum 16 times. So, the rotation per step of 
azimuth and zenith driving assemblies is given by Equations (3.16) and (3.17). 
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    (3.17) 
  
Figure 3.23: Isometric View of Designed Tracker Model 
3.5 Tracking Algorithm Development 
After the development of tracking technique and tracker hardware, the most 
important part is the development of tracking algorithm, implemented through 
tracking code. The tracking code was written for AVR microcontroller in C-
Programming language and compiled using CodeVisionAVR C Compiler for 
.hex file. The tracking code is based upon a closed loop hybrid tracking 
algorithm for which the astronomical technique is executed first, followed by 
the feedback from the optical method (feedback sensor). The tracking 
variables associated with hybrid tracking method is shown in Figure 3.24.  
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Figure 3.24: Solar Tracking Variables 
The input data consists of the GPS and RTC output for astronomical method 
and the feedback signals from solar feedback sensor. For astronomical 
tracking, after calculating the intermediate factors, the final azimuth and zenith 
angles are calculated. However, the feedback signals from photo-sensors are 
converted to digital values using ADC (Analogue to Digital Converter) feature 
of microcontroller. So based upon the calculated angles and the feedback 
signals, the tracker is moved accordingly. For the 10-bit ADC, the conversion 
formula is given by Equation (3.18), where 1024 is the corresponding digital 
value for 10-bits (2
10
) and the value 5 represents the reference voltage for 
which the corresponding digital value is 1024. 
5
1024 input Voltage Analogue
OutputVoltageDigital

   (3.18) 
The tracking algorithm for master and slave trackers are shown in Figures 3.25 
and 3.26 respectively, for which the tracking code is developed. The reference 
planes for tracking algorithm are taken to be the same as the reference planes 
for astronomical tracking algorithm i.e. tracker must face towards south and 
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the top mounting frame must be horizontal. For the master tracker, first the 










The received data is filtered for $GPRMC format and then sorted out to 
extract latitude, longitude, date and time information. Figure 3.27 shows the 
breakout of GPS data string in $GPRMC format and its conversion into 
required information. First column shows the time string, in which first two 
digits represent hours value, next two digits represent minutes value and the 
remaining digits represent seconds value. The second and third columns show 
latitude string and its reference as North, respectively. In latitude string, the 
first two digits represent the latitude value in degrees (hours) and the 
remaining digits represent latitude value in minutes, which is needed to be 
divided by 60 to convert it into degree. The actual converted value of the 
latitude is given at the bottom of second column. Similar procedure is 
followed for longitude in fourth and fifth columns. The last column shows the 
time string, in which the first two digits represent date, the next two digits 
represent month and the last two digits represent year. The date and time 
extracted from the GPS data initializes the RTC module.  
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Figure 3.27: Breakout of GPS GPRMC Format String 
After initialization, using the data received from GPS and RTC, the azimuth 
and zenith angles are calculated according to solar geometry. The values of 
calculated angles are then compared with the actual position of the tracker. 
The actual position of tracker is determined by counting the number of steps 
of stepper motor or pulse signals released by the microcontroller. The number 
of pulse signals multiplied with the angular movement per step, gives the 
actual position of the tracker with respect to reference planes, south for 
azimuth angle and horizontal plane for zenith angle. The difference between 
actual position of the tracker and the calculated values of azimuth and zenith 
angles gives tracking error. If the tracking error is not within the required 
tracking accuracy limit, ±0.3
o
 for current tracking system, it depicts that the 
sun is not tracked yet and tracker is moved accordingly. The same algorithm is 
repeated unless the error limit is with required tracking accuracy of ±0.3
o
. 
After completing the astronomical tracking, the feedback signals are obtained 
from solar feedback sensor via ADC. If any of the photo-sensors gives higher 
output signal then the tracker is adjusted accordingly to face accurately 
towards the sun and vice versa. When the sun is accurately tracked, the 
feedback signals from the solar feedback sensor goes low and the same cycle 
is repeated continuously.  
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Figure 3.25: Master Tracker Tracking Control Algorithm 
Chapter 3 
Page | 72  
 
Figure 3.26: Slave Tracker Tracking Control Algorithm 
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To start and stop the operation of trackers, the sunset and sunrise timings are 
also calculated continuously. If the sunset timing is reached, the main tracking 
algorithm is stopped until sunrise and the tracker is rotated to return to its 
initial reference position. When the sunrise time is reached then the tracker 
again starts its operation automatically. For master tracker, the latitude, 
longitude, date and time information is continuously transmitted to slave 
trackers through ZigBee. The tracking algorithm of slave trackers is similar to 
the tracking algorithm of master tracker except the initialization, as the 
tracking information is received from master tracker instead of GPS and RTC. 
According to the tracking accuracy, the tracker trajectory during operation is 
shown in Figure 3.28. In short, the tracking algorithm keeps the tracking error 
within tracking limit of ±0.3
o
. If the tracking goes beyond the limit, it is pulled 
back within the acceptable range. 
 
Figure 3.28: Solar Tracker Trajectory During Operation 
3.6 Tracking Accuracy 
In order to verify the accuracy of the developed tracking system, the solar 
geometry tracking model was compared with the actual solar coordinates first 
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and then the Colour Tracking Sensor (CTS) camera was utilized to verify the 





Figure 3.29: Comparison of Calculated and Actual (a) Azimuth (b) Zenith 
Angles 
The calculated azimuth and zenith angles were compared with the actual 
values of zenith and azimuth angles obtained from Astronomical Applications 
Department of the U.S. Naval Observatory for 1st January, 2015 with latitude 
of 1.299 
o
N and longitude of 103.771 
o
E (for NUS EA-building). The 
comparison of the tracking coordinates is shown in the Figure 3.29. It can be 
seen that the lines for calculated and actual azimuth and zenith angles are 
overlapping. The difference in tracking angles is mostly around 0.1
o
 but not 
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 for azimuth and zenith angle respectively, just for 
instance. However, it can be handled through solar feedback sensor. 
In order to determine the actual position of the sun and its comparison with the 
actual tracked position, a colour tracking sensor (CTS) camera was utilized to 
get solar position using sun images captured during tracker operation. An 
assembly of CTS camera and BAADER safety film was developed as shown 
in the Figure 3.30. The CTS camera can detect the position of any colour 
within its view angle. The BAADER solar safety film was placed in front of 
the CTS which can block 90-95% of the solar radiations along with the rays 
from surrounding objects. Therefore, CTS camera only captures the image of 
sun appearing as the bright spot. Figure 3.31 shows the control software 'CTS 
Studio' to program the camera and to show the captured image. It can be seen 
that the captured image contains a bright spot, representing the sun. The solar 
position through captured image is provided using bright pixel in a 240x180 
pixels array. The CTS sensor has a view angle of 90
o
, which shows sensitivity 
of 0.375
o
/pixel in x-direction and 0.5
o
/pixel in y-direction. 
 
Figure 3.30: Colour Tracking Sensor (CTS) Camera and BAADER Film 
Assembly to Determine Solar Position 
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Figure 3.31: CTS Control Software and Determination of Solar Position 
The developed CTS sensor was mounted onto developed two axis solar tracker  
and aligned such that the solar bright spot appear in the centre of the image for 
perfectly tracked sun, giving coordinates of (120,90) using serial 
communication through USART port. The CTS sensor is connected to 
computer using USB connection and through USART port. By taken The 
coordinates of centre position of sun (120,90) as reference of 0
o
 tracking error, 
the corresponding deviation from reference point is shown in Figure 3.32. It 
can be seen that the deviation of solar position from reference point is zero 
during tracker operation except for some point. This does not imply tracking 
error but rather the limitation of the CTS. with fluctuations during tracking 
movement but just for instant. It may be due to fluctuations of the sensor 
during tracker movement, causing confused feedback from CTS. However, 
most of the time the feedback from CTS shows sun position exactly at zero 
reference, which verifies the accuracy and stable operation of the developed 
tracking system. 
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Figure 3.32: CTS Sensor Measured Angular Deviation for (a) Zenith (b) 
Azimuth 
3.7 Summary 
In this chapter, the development of an accurate, precise and compact two axis 
solar tracker with master and slave configuration is proposed and discussed for 
CPV field operation. The developed tracking system works on a hybrid 
tracking algorithm with active and passive tracking techniques. The 
astronomical tracking is based upon the predefined solar geometry. However, 
for optical tracking, a cheap, accurate and novel solar feedback sensor is 
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designed, developed and tested with tracking accuracy of up to 0.1
o
. For cost 
effective control of a field of CPV solar trackers, a master and slave technique 
is proposed, designed and implemented using wireless communication through 
cheap ZigBee modules. In the proposed master and slave configuration, one 
tracker acts as master with all required tracking modules and transmits the 
required tracking information to other slave trackers in the field. 
A prototype of the CPV trackers field is developed consisting of four trackers, 
one master and three slave trackers. The mechanical structure of the trackers is 
built with aluminium extrusions for rigid and light weight assembly, while the 
driving assembly is based upon worm gear and worm wheel arrangement. The 
tracker control box is using microcontroller, GPS, RTC and motor drivers. The 
driving assemblies have rotation with step size of 0.0028125
o
/step for azimuth 
and 0.001875
o
/step for zenith angle. The developed tracker is programmed to 
operate with tracking accuracy of 0.3
o
. In order to verify the accuracy of the 
tracker, first the solar geometry model was compared with actual solar 
coordinates obtained from Astronomical Applications Department of the U.S. 
Naval Observatory. Then the tracker movement was compared with actual 
solar position recorded using color tracking sensor (CTS). 
After the development of tracking system, the design and ray tracing 
simulation of the concentrating assemblies are discussed in next chapter. 
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Chapter 4: Design and Ray Tracing Simulation of 
Concentrating Assembly for CPV 
4.1 Introduction 
With the development of accurate, precise and compact two-axis solar tracker 
in the previous chapter, the design and development of CPV concentrating 
assembly is discussed in this chapter. The design of concentrating assembly is 
of high importance in the development of concentrated photovoltaic (CPV) 
system. The concentrating assembly guides and concentrates solar radiations 
effectively onto small area of multi-junction solar cell (MJC) with uniform ray 
distribution at minimal loss. The main parameter to evaluate the performance 
of concentrating assembly is its response to tracking error i.e. minimal ray loss 
for response of large tracking error. This response against tracking error 
defines the tracking accuracy requirement; better response can accept low 
tracking accuracy with less energy consumption by tracker. 
The CPV concentrating assembly comprises concentrators as primary optics 
and a homogeniser as secondary or tertiary optics. Solar concentrators can be 
of either reflective type reflectors or refractive type lenses. However, each 
concentrator design has its own significance and limitations. Similarly, 
homogeniser design can also be reflective and refractive, depending upon the 
need. In this chapter, different types of the CPV concentrating assemblies are 
designed and evaluated through ray tracing simulation using TracePro 
software. For the primary concentrator, parabolic dish and Fresnel lens are 
considered for current design and analysis. Moreover, for the homogeniser, 
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dielectric filled compound parabolic concentrator (CPC), tailored glass rod 
and small conical aluminium reflector are used as homogeniser. In the 
beginning of this chapter, the design and experimental results of CPV system 
consisting of  mini parabolic dish and CPC is discussed. However, after 
determining the high optical loss associated with mini dish-CPC concentrating 
assembly design, it was not considered for further evaluation and performance 
comparison. The other three different designs were further considered for 
analysis and comparison. 
4.2 Mini Dish-CPC Concentrating Assembly 
The initial design considered for CPV concentrating assembly was based upon 
mini parabolic dish as primary reflector and a dielectric filled compound 
parabolic concentrator (CPC) as homogeniser. A simple schematic of the Mini 
Dish-CPC concentrating assembly is shown in Figure 4.1. The solar radiations 
received by the parabolic primary reflector are concentrated at its focal length 
'fpr' where CPC homogeniser is placed. After entering through the CPC 
homogeniser inlet, solar radiations are directed to a multi-junction solar cell 
(MJC) placed at outlet of CPC homogeniser, through total internal reflection 
(TIR). The multi-junction solar cell is attached to a heat sink for heat 
dissipation, to keep cell temperature within the optimal operational range. 
Edge  rays make rim angle θr at homogeniser inlet. The rim angle is critical for 
design of concentrating assembly and homogeniser as higher rim angle 
reduces the overall height of concentrating assembly.  However, half of rim 
angle should always be less than the critical angle of homogeniser glass 
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material, otherwise the solar radiations will be reflected back from the 
homogeniser inlet.  
It is known that the solar radiation incident on the earth's surface is not exactly 
parallel to concentrator axis  due to solar subtended angle of 0.53
o
. It depicts 
that perfect point focussed concentration of sun light cannot be achieved but 
instead, the concentration over a small area is achieved. In addition, due to 
movement of the two-axis solar tracker in steps, the rays hitting the primary 
reflector cannot be always parallel to axis of concentrating assembly. This 
causes the focus point of concentrated solar radiation to deviate from the 
centre of the homogeniser and this deviation depends upon the degree of 
deviation of incident rays from concentrator axis. 
 
Figure 4.1: Schematic of Mini Dish-CPC Concentrating Assembly 
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One important parameter in designing the concentrating assembly is the 
acceptance angle, defined as the maximum angular deviation of the incident 
rays that can be accepted with minimum losses. The concentrator and 
homogeniser are designed such that as long as the concentrated rays are falling 
onto the homogeniser inlet, they are directed towards the MJC. The size of the 
primary concentrator Dpr is selected according to the concentration ratio 
desired at the solar cell area. The centre hole of dimension dpr is for mounting 
purpose. The geometric concentration ratio, defined as the ratio of primary 






CR    (4.1) 
Where Acon is the net effective area of primary concentrator and AC is the area 
of solar cell. For current research work, multi-junction solar cell from Arima 
Photovoltaic & Co. is used with a cell size of 5.5 mm x 5.5 mm and operating 
solar concentration of x500. According to the MJC size and centre hole of 
dpr=2.5 cm, the diameter of primary reflector was selected as 15cm with 
thickness of td=1cm and concentration ratio of x566. However, the actual 
concentration at MJC will be less than x500 due to optical losses caused by 
reflectance and absorbance loss of concentrating assembly. The next section 
discusses the design of primary parabolic concentrator. 
4.2.1 Mini Parabolic Dish Design 
The profile of the mini parabolic dish is based upon the simple equation of 






   (4.2) 
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where x and y represent the coordinates of parabolic profile. The maximum 
value of x is half of diameter of mini dish (i.e. 15/2 cm) and the value of y 
value is the depth of parabola, given by the Equation (4.2) for certain focal 
length. For current study, focal length of 9.75 cm was considered for mini 
dish. The coordinates of 15cm mini parabolic dish are given in Figure 4.2. 
 
Figure 4.2: Mini Dish Parabolic Concentrator Coordinates 
The mini dish offers a rim angle of 42.1
o
, which is calculated using Equation 

































   (4.3) 
4.2.2 Dielectric Filled Compound Parabolic Concentrator (CPC) Design 
The design of compound parabolic concentrator (CPC) [115] is based upon 
combination of two parabolic surfaces. In order to show the characteristics of 
compound parabolic concentrator, there is a need to express the equation of 









  (4.4) 
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Figure 4.3: Representation of Polar Coordinates of Parabola 
 
Figure 4.4: Design Schematic of Dielectric Filled Compound Parabolic 
Concentrator (CPC) 
The CPC design is based upon the size of inlet aperture EE' and exit aperture 
FF', Figure 4.4, whose ratio gives the concentration ratio of CPC. The 
acceptance angle θa_CPC of CPC, defined as the maximum angle of incident ray 
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with the axis of CPC which allows the incident ray to hit the exit aperture, is 
the other parameter describing the design of CPC. However, for the current 
CPV application, the CPC is used as a glass homogeniser. Due to refraction, 
the ray entering into the CPC material with maximum angle of θa_CPC, bends 
towards the CPC axis by making angle θa_i. Using Snell's law, the angle θa_i 











    (4.5) 
Where nCPC is the refractive index of material of CPC at certain design 
wavelength. Figure 4.4 shows the design of compound parabolic concentrator 
(CPC). The CPC profile between points E' and F' is a parabola with focus 
point at F and centre of aperture at point C. The relation between entry and 






















   (4.7) 
For certain acceptance angle, by fixing the inlet or outlet aperture size, the 
other dimension can be calculated using Equation (4.7). The overall length of 





















    (4.8) 
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Figure 4.5: Ray Propagation in Dielectric Filled Compound Parabolic 
Concentrator (CPC) 
The schematic of CPC with rays propagation and their interaction with the 
optical surfaces is shown in Figure 4.5. For parabolic surface 1, the focal point 
is point F and for parabolic surface 2, point F' which are the two extreme 
points of exit aperture. So all the edge rays with incident angle of θa_CPC, make 
their way to focal point F, in the case of parabolic surface 1. Similarly, 
incident rays with angle less than θa_CPC, concentrate at different point on exit 
aperture that causes the light to be uniformly distributed over exit aperture.  
In the mini dish-CPC design, the acceptance angle of CPC does not define the 
acceptance angle of concentrating assembly. However, it define the maximum 
rim angle of primary concentrator from which it can accept rays. For current 
study, commercial CPC from Edmund Optics, with acceptance angle of 25
o
 
and exit aperture size of 2.5 mm was used. The experimental investigation of 
CPV system based upon mini dish-CPC concentrating assembly is discussed 
in the next section. 
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Figure 4.6: Experimental Setup of Mini Dish-CPC CPV System 
4.2.3 Experimental Performance Investigation of CPV System with Mini 
Dish-CPC Concentrating Assembly 
The experimental setup for CPV system based upon mini dish-CPC 
concentrating assembly is shown in Figure 4.6. The CPV assembly is mounted 
onto an aluminium frame of a two axis solar tracker. The Pyrheliometer is 
used to measure the direct normal irradiance (DNI) received in W/m
2
, as input 
to the CPV system. A bright spot of concentrated solar radiations can be seen 
at cell area. In order to investigate the performance of the CPV system, the 
performance parameters in form of cell current and voltage at maximum 
power point were recorded for whole day operation, at an interval of one 
second. With effective area of mini dish-CPC assembly as 0.007999935 m
2
, its 
performance characteristic curves are shown in Figures 4.7 and 4.8. 
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Figure 4.7: System Efficiency Curve for Mini Dish-CPC CPV System 
 
Figure 4.8: DNI Received During Mini Dish-CPC CPV System Operation 
Figures 4.7 and 4.8 show the variation of Mini Dish-CPV system against the 
DNI received, in real field conditions. For higher DNI or concentrations, the 
efficiency of the CPV system is almost constant. However, at lower DNI or 
concentrations, efficiency varies in proportional to DNI. The fluctuations in 
the efficiency curve are due to fluctuations in the DNI availability and due to 
MPPT searching. It can be seen that maximum system efficiency of mini dish-
CPC CPV system obtained is from 12%, which is very low as compared to the 
conventional solar cells. In order to investigate the causes for low efficiency of 
CPV system, the ray tracing simulation of mini dish-CPC concentrating was 
carried out as discussed in the next section. 
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4.2.4 Mini Dish - CPC Assembly Limitations 
Despite simple design, there are some limitations and losses associated with 
the mini dish-CPC concentrating assembly, depicted by the low efficiency. In 
order to analyze the optical performance of the mini dish-CPC assembly, a ray 
tracing simulation was conducted using TracePro software. Figure 4.9 shows 
the developed model of the concentrating assembly in TracePro according to 
the designed dimensions and spacing. Parabolic dish of 15cm diameter with 
9.75 cm focal length and CPC homogeniser of 25
o
 acceptance angle were 
modelled and CPC was placed at the focal length of the mini dish. 
 
Figure 4.9: Developed Model of Mini Dish-CPC Concentrating Assembly in 
TracePro 
Figure 4.10 shows the ray tracing simulation results of mini dish-CPC 
assembly. In figure 4.10(b), the expected results can be seen that there is ray 
leak from the sides of the CPC homogeniser. This is because of the fact that 
the rim angle for the designed 15cm dish i.e. 42.1
o
 is higher than the 25
o 
acceptance angle of CPC, causing incident ray to leak from sides of 
homogeniser instead of outlet aperture. For verification, another simulation 
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was conducted by considering only that area of dish for which the rim angle is 
25
o
, as shown in Figure 4.11. It can be seen that all of the incident rays are 









Figure 4.11: Ray Tracing Simulation of CPV Concentrating Assembly  (a) 
with Angle Less than Acceptance Angle of Homogeniser (b) Effective 
Radius of Parabolic Dish 
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The optical loss discussed above is associated with the design limitations. 
However, there is another inherent optical loss associated with the design of 
dielectric filled CPC, which occurs even if the incident ray angle is within the 
acceptance angle of CPC. From Figures 4.10(b) and 4.11(a), it can be seen that 
some of the rays are reflected back from CPC outlet aperture. This is due to 
TIR at outlet aperture as the striking ray angle is greater than the critical angle 
of glass material. The rays hitting near to outlet aperture make angle always 
greater than the critical angle of CPC material and are reflected back at outlet 
aperture due to TIR. This rays loss is always associated with dielectric filled 
CPC design. The effective radius of parabolic dish with rim angle of 25
o
 is 
shown in Figure 4.11(b). In order to have smaller incident ray angle at 
homogeniser inlet and to avoid TIR at outlet of homogeniser, the 
concentrating assembly is redesigned in cassegrain arrangement as explained 
in the next section. 
4.3 Mini Dish Cassegrain Arrangement Concentrating 
Assembly Design 
A schematic of the mini dish cassegrain arrangement concentrating assembly 
is shown in Figure 4.12. The cassegrain concentrating assembly is a double-
stage concentrator where primary concentrator is a parabolic reflector with 
focal length fpr, while secondary concentrator is a small hyperbolic reflector 
with two focal points f1hp and f2hp. Parallel or beam rays after being reflected 
from primary reflector try to converge at focal point fpr. However, the 
secondary hyperbolic reflector, placed in the path of converging rays such that 
focal points of both primary and secondary reflectors fpr and f1 coincides, 
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further reflects and concentrates rays at its second focal point f2hp. At focal 
point f2hp, the glass homogeniser is placed which further guides and uniformly 
distribute rays over MJC area. The glass homogeniser design is like prism 
shape long glass rod with square shape inlet and outlet aperture, easy to be 
installed on square shape MJC. The MJC is then attached to heat spreader and 
heat sink for heat dissipation.  
 
Figure 4.12: Design Schematic of Mini Dish Cassegrain Arrangement 
Concentrating Assembly 
The main advantage of the cassegrain arrangement in comparison with the 
previous mini dish-CPC concentrating assembly is less incident ray angle at 
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homogeniser inlet which reduces chance for ray loss at homogeniser outlet due 
to TIR and it can be designed for any size of primary reflector regardless of 
rim angle limitation. The size calculation of each component of the cassegrain 
concentrating assembly, according to space constraints and design 
requirements are discussed in next sections.  
4.3.1 Primary Reflector - Mini Parabolic Dish 
The mini dish parabolic reflector used in this design as discussed in the 
previous design, with 15 cm diameter, 9.75 cm focal length fpr and centre hole 
dpr of size 2.5 cm which provides space for homogeniser mounting.  
4.3.2 Homogeniser 
The TECHSPEC tapered light pipe homogenising rod was used as 
homogeniser for current concentrating assembly with inlet aperture size of 12 
mm x 12 mm, outlet aperture size of 4mm x 4mm and total length of 50 mm.  
4.3.3 Secondary Reflector - Hyperbolic Dish 
The size of the secondary reflector is of great importance, which is designed 
according to the dimensions of primary reflector and homogeniser. Hyperbolic 
reflector has two focal points, f1hp and f2hp. Focal point f1hp should coincide 
with the focal point of primary reflector However, the position of its second 
focal point f2hp is the main design input requirement of hyperbolic reflector. 
Moreover, size of the reflector should be as small as possible due to the fact 
that smaller size of secondary reflector results in lower ray angle at 
homogeniser inlet and less shadow at primary reflector. However, too small 
reflector can cause difficulty in fabrication and more ray loss can be 
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experienced with even small error in tracking. The hyperbolic reflector is not 
only designed for parallel rays but should also accommodate tracking error 
with rays not parallel to axis of concentrator. For non-parallel rays, focal point 
of primary reflector shifts from fpr to fpr' and focal point f2hp shifts to f2hp'. 
Therefore, to accommodate non-parallel rays, size of secondary reflector Ob' 
is taken as 3 cm (Dhp). However, in design calculations, the size of the 
secondary reflector Ob is taken as 2.5 cm for parallel rays. Moreover, as MJC 
is planned to be placed at the bottom end of  mini parabolic dish, thus if 
thickness of MJC (Mt) is taken as 0.5 mm then the distance between two foci 
can be found using Equation (4.9) using 50 mm as length of homogeniser L, 
9.75 cm focal length fpr of primary reflector and 1cm as thickness of dish td. 
tdpr MLtfH 3  (4.9) 
As the rim angle of primary reflector θr is 42.1
o
, the parameters j1 and H1 can 




























21  (4.11) 
So 
132 HHH   (4.12) 












Hj   (4.13) 
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  (4.14) 
Where a and b are the constant and can be found by following formula in 
Equations (4.15) and (4.16) respectively.  
122 jja    (4.15) 




c   (4.17) 




y   (4.18) 
 
Figure 4.13: Coordinates of Secondary Hyperbolic Reflector 
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The above equation gives the coordinates of hyperbolic reflector with 
reference to midpoint of foci f1hp and f2hp. In order to have reference point on 







y  (4.19) 
 
Figure 4.14: Mini Dish Cassegrain Concentrating Assembly Model in 
TracePro 
4.3.4 Ray Tracing Simulation of Mini Dish Cassegrain Concentrating 
Assembly 
In order to verify the design and to analyze the performance of the mini dish 
cassegrain concentrating assembly, the ray tracing simulation was carried out 
in TracePro software. According to the design parameters, the concentrating 
assembly was modelled in TracePro. The details of the concentrating assembly 
model are shown in Figure 4.14. The developed concentrating assembly was 
simulated for parallel ray grid source. Figure 4.15 shows the ray tracing 
simulation results for developed concentrating assembly. The rays can be seen 
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perfectly converging at homogeniser inlet, verifying the design of 
concentrating assembly. 
 




Figure 4.16: Irradiance Map at (a) Inlet and (b) Outlet of Homogeniser of Mini 
Dish Concentrating Assembly 
The irradiance map at inlet and outlet of homogeniser is shown in Figure 4.16, 
the concentrated rays at homogeniser inlet are uniformly distributed at 
homogeniser outlet where the MJC is placed. Uniform distribution of rays at 
the homogeniser outlet or MJC is an important factor of the concentrating 
assembly design as it ensures stable and reliable performance of cell. 
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Moreover, smallest converged rays spot at homogeniser inlet provides more 
space for the rays to enter homogeniser in case of tracking error, as focus point 
shifts from centre with tracking error. 
 
Figure 4.17: Normalized Power Curve for Mini Dish Cassegrain 
Concentrating Assembly 
To analyze the performance of the concentrating assembly for non-parallel 
rays or tracking error, Figure 4.17 shows the normalized power output or flux 
at homogeniser outlet of mini dish concentrating assembly. Normalized power 
output is the ratio of current power output to maximum power output. It can be 
seen that for 0.3
o
 deviation, the normalized power is about 100% and it drops 
to around 92-93% when the deviation increases to 0.5
o
. However, the 
maximum parallel ray deviation accepted by the mini dish assembly is 2.5
o
. It 
can be seen that the developed design can operate at maximum performance 
for developed tracking system with tracking accuracy of 0.3
o
. 
4.3.5 Design of Mini Dish CPV System 
Based upon the discussed design of mini dish cassegrain concentrating 
assembly, a prototype of small CPV system based upon two mini dishes is 
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designed and the developed model is shown in the Figure 4.18. The designed 
CPV system contains two MJCs with dedicated concentrated assemblies, 
mounted onto two axis solar tracker. The details of single unit of concentrating 
assembly with different views are shown in Figure 4.19. In order to reduce the 
weight of concentrating assembly, extra material from the back side of the 
parabolic dish is removed, as can be seen from Figures 4.18 and 4.19.  
 
Figure 4.18: Design of Mini Dish CPV System 
 
Figure 4.19: Design Model of Mini Dish Cassegrain Concentrating Assembly 
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Figure 4.20: Design Schematic of Fresnel Lens-Glass Homogeniser 
Concentrating Assembly 
4.4 Fresnel Lens-Glass Homogeniser Concentrating Assembly 
In the previous section, the design of mini dish cassegrain arrangement 
concentrating assembly is discussed and analyzed through ray tracing 
simulation. The cassegrain arrangement of reflectors provides compact design 
with overall reduced height of CPV module. However, two stage 
concentration is sensitive to tracking error which can be seen from the 
normalized power curve. A single stage refractive concentrating assembly 
using Fresnel Lens with glass homogeniser, is discussed in this section. A 
simple schematic of Fresnel Lens-Glass Homogeniser concentrating assembly 
for CPV system is shown in Figure 4.20. Fresnel lens concentrates solar beam 
Chapter 4 
Page | 101  
radiation at its focal point fFL where glass homogeniser is placed, which 
further guides and uniformly distributes rays onto MJC. Heat Spreader and 
heat sink are attached to MJC for heat dissipation.  
The main advantage of the Fresnel lens over cassegrain arrangement is the 
simple design with less sensitivity to tracking error due to single stage 
concentration. However, it has some inherent optical loss at the lens rings. The 
detailed design for each of the component of Fresnel Lens-Glass Homogeniser 
concentrating assembly for concentration ratio of x476 is discussed as follows. 
4.4.1 Glass Homogeniser 
For the current design of the Fresnel Lens-Glass Homogeniser concentrating 
assembly, optical rod is used as homogeniser with 12 mm x 12 mm inlet 
aperture and 5.5 mm x 5.5 mm outlet aperture, same as size of MJC. The 
height of the homogeniser is 30 mm. 
4.4.2 Fresnel Lens Design 
Fresnel lens is a form of plano-convex lens with reduced overall height and 
optical material for almost same performance. The lens surface is based upon 
aspheric profile as the spherical profile has spherical aberration. The aspheric 
profile of current Fresnel lens design is optimized from spherical surface. The 
detailed design of Fresnel lens is shown in Figure 4.21. The general sag 
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Figure 4.21: Design Schematic for Aspheric Fresnel Lens 
Where factor k depends upon the conical surface and for spherical surface 
k=0. The parameter Cr represents the curvature for corresponding spherical 






  (4.21) 
Ai represents the aspheric coefficients corresponding to the aspheric surface. 
The parameter rL represents the coordinate of aspheric surface along radial 
direction. The maximum value of rL is half of the lens diameter DFL. However, 
in order to have compact design of CPV system, a Fresnel lens of square 
dimensions is considered with dimension LFL of each side. Hence, the value of 
DFL is given by Equation (4.22). 
22
FLFLFL LLD    (4.22) 
As the CPV assembly is designed for concentration ratio of x476 with cell size 
of 5.5 mm x 5.5 mm, then the dimension LFL for each side of square Fresnel 
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lens can be calculated using Equation (4.1) as 120 mm x 120 mm. Therefore, 
the diameter of corresponding circular lens is DFL=169.7 mm and maximum 
value of rFL is 84.85 mm. 
In order to find the suitable aspheric coefficient, the spherical surface was 
optimized for aspheric coefficients to have minimum spherical aberration, 
using optical software TracePro through its 2D interactive optimizer feature. 
The focal length of 200mm is considered for current Fresnel lens design. The 
radius of curvature of corresponding spherical surface is given by Equation 
(4.23). 
FLFLFL fnR )1(1000   (4.23) 
 
Figure 4.22: Optimized Aspheric Plano-Convex Lens in 2D Interactive 
Optimizer of TracePro 
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Where nFL is the refractive index of glass material and fFL is the focal lengthof 
Fresnel lens in meters i.e. 0.2m. Therefore, by considering the refractive index 
of 1.5, the radius of curvature is calculated as 100mm. The optimization of 
lens surface through 2D interactive optimizer of TracePro, is shown in Figure 
4.22. The optimized aspheric coefficients are given in Table 4.1. The 
optimization is carried out by adjusting the aspheric coefficients to have 
minimum focussed spot size at focal point. 
Table 4.1: Aspheric Coefficients of Optimized Aspheric Lens 
Parameter Value Parameter Value 
A1 0 A6 -2.7x10
-6 












Figure 4.23: Ray Tracing Simulation of Aspheric Lens (a) Simulation Result 
(b) Irradiance map 
In order to verify the optimized design, the aspheric lens was created in 
TracePro and the ray tracing simulation was carried out for parallel ray grid. 
The ray tracing simulation results are shown in Figure 4.23. A perfect 
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converging of parallel ray at the receiver, placed at focal point can be seen and 
the size of focussed spot can be verified from irradiance map shown. The 
designed aspheric lens is converted to a Fresnel lens with a step size of 
SFL=1.8 mm for 17 rings and the lens thickness is taken as tFL=3 mm. The ray 
tracing simulation of designed Fresnel lens concentrating assembly is 
discussed in next section. 
 
Figure 4.24: Fresnel Lens-Glass Homogeniser Concentrating Assembly Model 
in TracePro 
4.4.3 Ray Tracing Simulation of Fresnel Lens-Glass Homogeniser 
Concentrating Assembly 
Figure 4.24 shows the model of Fresnel lens-glass homogeniser concentrating 
assembly developed in TracePro software for ray tracing simulation. The ray 
tracing simulation results of the developed concentrating assembly for parallel 
ray grid are shown in Figure 4.25. A perfect convergence of rays at the centre 
of homogeniser inlet verifies the design of lens and the concentrating 
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assembly. The distribution of rays  at inlet and outlet of glass homogeniser can 
be seen through an irradiance map, shown in Figure 4.26, with a perfect bright 
spot at centre of homogeniser inlet and uniform distribution of rays at 
homogeniser outlet. 
 




Figure 4.26: Irradiance Map at (a) Inlet and (b) Outlet of Homogeniser of 
Fresnel Lens Concentrating Assembly 
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Figure 4.27: Normalized Power Curve for Fresnel Lens-Glass Homogeniser 
Concentrating Assembly 
Figure 4.27 shows the normalized power curve for Fresnel Lens-Glass 
Homogeniser Concentrating Assembly. It can be seen that the performance of 
Fresnel lens glass homogeniser concentrating assembly is maximum and 
remains stable for angular deviation up to 1
o
 and falls to 85% for deviation as 
high as 1.5
o
. This performance is better and stable than the mini dish 
concentrating assembly, which is due to less sensitive single stage 
concentration and smaller height of homogeniser as larger height increases the 
chances of ray loss at outlet port of homogeniser due to TIR. However, for 
tracking accuracy of 0.3
o
, both Fresnel lens and mini dish design have almost 
100% performance. The maximum angular deviation for Fresnel lens based 
concentrating assembly is also 2.5
o
. 
4.4.4 Design of Fresnel Lens-Glass Homogeniser CPV System 
Figure 4.28 shows the design of developed prototype of Fresnel Lens-Glass 
Homogeniser CPV system. The system is based upon a 2x2 array of Fresnel 
Lens for four MJC submounts housed into a acrylic mounting. The CPV 
module is mounted onto developed two axis solar tracker. The windows cut in 
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the acrylic mounting is to reduce the weight of CPV module. The MJC 
submounts are installed onto an adjustable aluminium housing to adjust the 
height according to Fresnel Lens focal length. The concentrating assembly for 
a single Fresnel lens is shown in Figure 4.29. 
 
Figure 4.28: Design Model of Fresnel Lens-Glass Homogeniser CPV System 
 
Figure 4.29: Design Model of Fresnel Lens-Glass Homogeniser Concentrating 
Assembly 
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Figure 4.30: Schematic of Fresnel Lens-Reflective Homogeniser 
Concentrating Assembly 
4.5 Fresnel Lens-Reflective Homogeniser Concentrating 
Assembly 
The design of the concentrating assembly that is going to be discussed in this 
section, is similar to the Fresnel Lens design discussed in the previous section. 
However, instead of glass homogeniser, rays are concentrated directly onto 
MJC and a reflective homogeniser is used to guide the rays to MJC in case of 
tracking error. The schematic of Fresnel Lens-Reflective Homogeniser 
concentrating assembly is shown in Figure 4.30. Fresnel Lens focuses solar 
radiations directly onto the solar cell area. Therefore, instead of placing MJC 
directly at focus point, it is place slightly above the focal point to have area 
focus instead of point focus. The reflective homogeniser is basically a conical 
reflecting surface surrounding the cell. In case of tracking error or non-parallel 
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rays, the deviated rays are reflective by the reflective homogeniser onto the 
cell area. MJC is connected to a heat spreader and a heat sink for heat 
dissipation. 
The size and design of the Fresnel Lens used in the current design is the same 
as the used one in previous section, 120 mm x 120 mm square shape with 
focal length of 200 mm. The reflective homogeniser has outlet aperture of 
5.5mm x 5.5 mm, same as size of MJC, and inlet aperture of 23 mm x 23 mm. 
The height of reflective homogeniser is 14.5 mm above the cell thickness. The 
ray tracing simulation of current concentrating assembly is discussed in next 
section. 
 
Figure 4.31: Fresnel Lens-Reflective Homogeniser Concentrating Assembly 
Model in TracePro 
4.5.1 Ray Tracing Simulation of Fresnel Lens-Reflective Homogeniser 
Concentrating Assembly 
For ray tracing simulation, the model of Fresnel lens-reflective homogeniser 
concentrating assembly is developed in TracePro software, as shown in Figure 
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4.31. The optical performance of the system is tested for parallel rays grid. 
The ray tracing simulation results for the developed concentrating assembly 
are shown in Figure 4.32. The converged rays at the cell area can be seen in 
the simulation results. Irradiance map at cell area shows the area concentration 
for ray distribution. With the angular deviation in the incident rays, in Figure 
4.32(b), it can be seen that the rays are hitting the reflective homogeniser 
which is further reflecting them to the cell area.   
The normalized power output curve against the parallel ray deviation is shown 
in Figure 4.33. It can be seen that the trend of normalized power curves for 
Fresnel lens-reflective homogeniser concentrating assembly is similar to that 
for Fresnel lens-glass homogeniser concentrating assembly. The system 
performance is maximum up to 0.7
o
 and a slight step drop is observed after 
0.7
o
, which is due to some ray loss through reflective homogeniser. After 1.6
o
 
deviation, the sudden fall in the curve is due to ray loss focussed outside the 
area of homogeniser. However, the concentrating assembly can respond to 
maximum of 2.5
o
 angular deviation. 
  
(a) (b) 
Figure 4.32: Ray Tracing Simulation of Fresnel Lens-Reflective Homogeniser 
Concentrating Assembly 
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Figure 4.33: Normalized Power Curve for Fresnel Lens-Reflective 
Homogeniser Concentrating Assembly 
 
Figure 4.34: Design Model of Fresnel Lens-Reflective Homogeniser CPV 
System 
4.5.2 Design of Fresnel Lens-Reflective Homogeniser CPV System 
A prototype of CPV system with reflective homogeniser is shown in Figure 
4.34. The design is based upon an 2 x 2 array of Fresnel lenses which have 
size of 120mm x 120mm of each lens. Four MJCs are placed onto an 
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aluminium base which provides mounting support and acts as heat spreader 
and heat sink. Reflective homogenisers are then placed on each of MJC 
submount. This whole assembly is housed into an aluminium frame and 
mounted onto a developed two axis solar tracker. The arrangement of the 
single lens MJC assembly is also shown in Figure 4.35.  
 
Figure 4.35: Design Model of Fresnel Lens-Reflective Homogeniser 
Concentrating Assembly 
4.6 Summary 
In this chapter, the different designs of the concentrating assemblies for CPV 
system are introduced and discussed with their performance analysis using ray 
tracing simulation. The concentrating assemblies are comprising of reflective 
concentrator using mini parabolic dish and refractive concentrator using 
Fresnel lens. The analysis was first carried out on a single stage concentrating 
assembly with mini parabolic dish as reflective concentrator and compound 
parabolic concentrator (CPC) as homogeniser. Due to inherent optical loss of 
concentrating assembly at outlet aperture of homogeniser, the low efficiency 
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of overall CPV assembly was recorded experimentally. Moreover, due to the 
limitation of acceptance angle of CPC, the design was unable to utilize the 
complete area of the mini parabolic dish. Due to optical loss and design 
limitations, the concentrating assembly was redesigned as double stage 
concentration using parabolic and hyperbolic reflectors in cassegrain 
arrangement and tapered glass rod as homogeniser. The mini dish cassegrain 
design has almost zero design optical loss and acceptance angle of 0.5
o
 with 
about 95% of normalized power output. 
Due to high sensitivity and steep normalized power output curve of double 
stage concentrator design, single stage concentrating assembly using Fresnel 
lens as refractive concentrator, was designed and analyzed with glass rod and 
conic reflector as homogenisers. The Fresnel lens design was optimized for 
aspheric surface coordinates using 2D interactive optimizer of Tracepro, to 
minimize spherical aberration with focal length of 200 mm. From normalized 
power output curves, it was found that both Fresnel lens based concentrating 
assemblies have acceptance angle of 1
o
 with 98% stable normalized power 




Based upon the design of concentrating assemblies, the prototype models of 
CPV system were designed with two mini dishes for cassegrain design CPV 
and 2x2 array of Fresnel lens for other two CPV system. The experimental 
performance of developed CPV and CPV-Hydrogen system with development 
of experimental test rig, are discussed in the next chapter. 
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Chapter 5: Experimental Investigation of Concentrated 
Photovoltaic (CPV) System and CPV-Hydrogen System 
5.1 Introduction 
In the previous chapters, firstly the development of the two axis solar tracking 
system is discussed with required CPV tracking accuracy. Secondly, the 
concentrating assemblies with mini parabolic dish and the Fresnel lens were 
designed and analyzed using ray tracing simulation. Based upon the designed 
parameters of the concentrating assemblies, the prototypes of the CPV system 
were then designed and modelled. The main focus of this chapter is to analyze 
the real field experimental performance of the developed CPV and CPV-
Hydrogen systems..  
Besides the ray tracing simulation, the experimental investigation of the CPV 
system is very important as the concentrating assembly of the CPV system is 
designed for rays parallel to the concentrator axis. However, the solar 
radiations hitting the surface are not parallel as the sun subtends an angle on 
the earth because of the finite distance and diameter. Moreover, the material of 
the concentrator and its surface quality also define performance of the CPV 
system, which cannot be simulated through the ray tracing simulation. 
Furthermore, the performance of the multi-junction solar cell also depends 
upon different parameters like cell temperature and concentration. The 
temperature of cell and the solar concentration change during the whole day as 
it depends upon direct normal irradiance (DNI), which doesn't remain constant 
in actual field conditions. Due to these performance affecting parameters, its 
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experimental investigation CPV is of prime importance in the system 
development. 
Similarly, as the hydrogen production through electrolysis is claimed to be the 
suitable option for the energy storage, so the field performance of the CPV 
system for the production of hydrogen is important to investigate the real 
potential of the CPV-Hydrogen system.  In addition, the performance of the 
electrolyser depends upon the power supplied by the CPV system, which 
changes continuously throughout the day. Therefore, the maximum and the 
average experimental performance of the CPV-Hydrogen system is analyzed 
which can be expected under different climate conditions 
In this chapter, first the design of the test rig developed for control and 
operation of CPV system is discussed, followed by the fabrication and the real 
field testing of each of the developed CPV system. The simulated and 
experimental performances of all the CPV systems are then compared. After 
performance investigation of the CPV system, the design and development of 
the CPV-Hydrogen system with the hydrogen compression unit is discussed. 
Through the CPV-Hydrogen experimentation, the real hydrogen production 
potential is analyzed under different weather conditions. 
5.2 CPV Experimental Setup Description 
Figure 5.1 shows the design model of the experimental setup, developed to 
investigate the performance of CPV system. All the four CPV systems are 
placed together onto a frame built through aluminium extrusion. All the 
control boxes along with the power supply system and other electronic 
components are placed in an enclosed compartment at bottom of the frame. 
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The four CPV trackers are placed onto top aluminium base which is protected 
through sliding covers. The sliding covers are used to protect the trackers in 
case of rain and non-operational time.  
The covers are mounted onto sliders which moves into guide rails. The design 
of three CPV systems, Mini Dish Cassegrain CPV, Fresnel Lens-Glass 
Homogeniser CPV and Fresnel Lens-Reflective Homogeniser CPV, is 
discussed in the previous chapter. However, the design of fourth CPV system, 
Multi-Leg Homogeniser CPV is based upon novel design of multi-leg 
homogenise, which will be discussed and analyzed in chapter 7. In order to 
record the performance parameters of the CPV, the schematic of the control 
circuit for developed CPV experimental setup is shown in Figure 5.2. As 
discussed in previous chapters, one of the tracker acts as master and other 
three tracker operate as slave trackers.  
 
Figure 5.1:Design Model of CPV Systems Experimental Setup 
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Figure 5.2: Schematic of Control Circuit and System Arrangement for CPV 
Experimental Setup 
 
Figure 5.3: Front View of Developed CPV Experimental Setup 
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Figure 5.4: Rear View of Developed CPV Experimental Setup 
A MPPT is connected to power output of each of the CPV system, which is 
then connected to a data logging device. In order to measure the solar energy 
in the form of DNI received by the CPV systems, a Pyrheliometer is utilized 
and connected to the data logger. Pyranometer is also utilized to measure the 
DHI. The setup controller is based upon a microcontroller circuit that acts as 
an communication link between a computer and the trackers. This 
communication is to control the trackers manually or to stop them in case of 
closing or initialization of system. The setup controller is also attached to 
linear actuators, which are attached to the sliding cover to control their 
opening and closing automatically, in case of rain detected through rain 
sensor. The developed experimental setup of CPV system is shown in Figures 
5.3 and 5.4. 
The hydrogen compression system and the electrolyser system shown in 
Figures 5.3 and 5.4 are used to convert the electricity produced by CPV 
system into hydrogen and oxygen and compressed into cylinders for energy 
storage purpose. The design details and performance analysis of hydrogen 
production and compression system will be discussed in the next section of 
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this chapter. The Pyrheliometer is installed on the master tracker which needs 
to track the sun for its operation. The Pyranometer is placed horizontally on 
top of aluminium base. In order to log and analyze the CPV performance data, 
a control and analysis program is developed in LabVIEW software. 
The LabVIEW program is developed to perform different tasks; it 
communicates and extracts the CPV performance data from data logger and it 
also controls the trackers for manual operation with control of linear actuators. 
Both data logger and setup controller communicate with the LabVIEW 
through serial communication. The CPV performance data received is based 
upon the total current and voltage output from the CPV systems. The data is 
then analyzed to compute the total system power output and system efficiency, 
which are plotted on real time and saved as a spreadsheet file. The power 
output PCPV and system efficiency ηCPV of CPV are computed by Equations 
(5.1) and (5.2). 







   (5.2) 
Where VCPV and ICPV are the total voltage and current output from the CPV 
system, respectively. The DNI is the beam irradiance received from 
pyrheliometer and Acon is the total effective area of the concentrator. The 
description and performance analysis of individual systems are discussed in 
the following sections. 
5.3 Mini Dish Cassegrain CPV System 
Figure 5.5 shows the developed prototype of Mini Dish Cassegrain CPV 
system according to design as discussed in the previous chapters. The glass 
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homogeniser is TECHSPEC tapered light pipe made from N-BK7 material. 
Both primary and secondary concentrators are machined from aluminium 
block to make them light weight. The reflecting surface of both concentrators 
is further improved by coating a thin layer of aluminium. The reflecting 
material and its surface quality actually define the optical efficiency of 
concentrating assembly, which affect the overall efficiency of CPV system.  
The silver material has highest reflectance over the whole solar spectrum and 
it provides the best option as reflecting surface to achieve higher optical 
efficiency. After silver, aluminium offers highest reflectance over whole solar 
spectrum. However, the main difficulty is the oxidation of silver that may lead 
to surface imperfectness and removal of coating. The reflectance curves for 
aluminium and silver layers, coated onto glass piece samples, are shown in 
Figure 5.6. The fluctuating curve of aluminium reflectance, is a result of 
slightly uneven coating. 
 
Figure 5.5: Developed CPV System on Mini Dish Cassegrain Design 
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Figure 5.6: Optical Reflectance for Aluminium and Silver 
For the current CPV system, the mini parabolic dishes were first tried to be 
coated with thin layer of silver onto aluminium dish with intermediate layer of 
chrome for better adhesion. The silver layer was then further coated with SiO2 
layer to protect silver from oxidation. The silver coating results are shown in 
Figure 5.7. The silver coating was first done onto glass piece and it can be 
seen from sample 1 to 4 that the quality of coating improved with increase in 
thickness of silver and SiO2 layer. But due to imperfection of machined 
surface and high humidity, the silver coating on mini parabolic dish still 
oxidized after two and three days of coating. The silver coating was removed 
and mini dishes of aluminium were then finally coated with layer of 
aluminium with intermediate layer of epoxy for better adhesion. A layer of 
SiO2 was then further applied onto aluminium coating to protect it from 
oxidation and other environmental effects.  
 
Figure 5.7: Silver Coating Problems on Mini Parabolic Dish 
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Current CPV system is based upon two parabolic dishes, each with one MJC 
attached at the end of homogeniser. The perfect bright spot of concentrated 
rays can be seen at inlet of homogeniser, which verifies the design of 
concentrating assembly. The MJC is further attached to an aluminium vacuum 
chamber heat spreader and an aluminium heat sink for heat dissipation, using 
thermal tape. The MJC cells are connected in series. A temperature sensor is 
attached at the heat sink to measure the cell back plate temperature, as higher 
the temperature lowers the efficiency. The performance analysis of mini dish 
cassegrain CPV system based upon the real field operation, is discussed in the 
next section. 
5.3.1 Experimental Investigation of Mini Dish Cassegrain CPV System 
Figure 5.8 shows the maximum performance potential of mini dish CPV 
system in form of system efficiency, in the morning and noon time. It can be 
seen that the maximum system efficiency  of 19% is achieved by mini dish 
CPV system. The main reason of system performance comparison in the 
morning and noon time is to see the effect of temperature onto cell 
performance. The shown temperature profile is for heat sink temperature. It 
can be seen that the system is operating at efficiency of 19% when 
temperature is changing from 30-35
o
C and drops to 17.5% when heat sink or 
back plate temperature is at 45-48
o
C, which is due to high irradiance at noon 
time, as cell performance is normally rated at higher irradiance but at low 
temperature. From the results, it can be seen that although the irradiance is 
higher at noon time but because of increase in temperature, the cell 
performance decreases. 
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(a) (b) 
Figure 5.8:  Maximum Performance Potential of Mini Dish Cassegrain CPV 
System (a) in Morning (b) at Noon 
In order to investigate the performance variations of the CPV system, Figure 
5.9 shows the performance curves of mini dish cassegrain CPV system for 
whole day operation. From the results it can be seen that the efficiency of CPV 
system is higher in morning and afternoon time, while it drops by 3% during 
noon time. One of the possible reason for this efficiency drop is the higher 
back plate temperature. On the other hand, after 3:00 pm, it can be seen that 
the back plate temperature is still as high as in noon time but with comparable 
higher efficiency. The irradiance at noon time is higher than afternoon and 
higher irradiance corresponds to higher concentration or radiation flux at solar 
cell area. This causes higher cell temperature, resulting in lower efficiency 
than at low irradiance.  
It must be noted that the temperature profile shown here represents heat sink 
temperature, not cell temperature as its difficult to measure cell temperature 
during operation due to sensor placement limitations. However, it takes time 
to see the effects of high cell temperature on heat sink temperature, as 
compared to instantaneous increase in cell temperature due to high flux. 
Because cell heat is also lost through natural convection near to cell surface 
and through heat spreader. However, this reason can be justified in form of  
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increasing back plate temperature after getting maximum irradiance of day, 
around 1:30 pm. On the other hand, the effect of higher back plate temperature 
can also be seen as efficiency is 1.5% lower in afternoon time than in morning 
but at same irradiance. 
 
Figure 5.9: Performance Characteristics of Mini Dish Cassegrain CPV for 
whole Day Operation 
Figure 5.10 shows the corresponding total power, voltage and current output 
of mini dish cassegrain CPV system for same DNI profile as efficiency results 
shown in figure 5.9. It can be seen that the total output of CPV system is 
around 4W (per cell 2W) with total voltage of 4.5-4.8V. As MJC cells are 
connected in series, so the same current is flowing through each cell with 
maximum value of around 1A. It can be seen that both power and current 
output are proportional to DNI. However, voltage output decreases with 
increase in DNI as the maximum power point of cell at higher concentration 
shifts towards the lower voltage level. For higher concentrations, the fill factor 
starts to decrease with increase in concentration, causing the maximum power 
point voltage to decrease because maximum power point current varies in 
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proportional to concentration, as given in appendix C.2. Another dominant 
parameter causing decrease in voltage with increase in concentration, is the 
cell temperature, because maximum power point voltage decreases with 
increase in temperature, appendix C.2. 
 
Figure 5.10: Total Voltage, Current and Power output from Mini Dish 
Cassegrain CPV 
The performance curves for the mini dish cassegrain CPV systems are also 
shown in Figures 5.11 and 5.12 for other two different days testing, to see 
consistency in the performance. Same consistency of the results can be seen as 
the efficiency of CPV system is decreasing with increase in temperature and 
irradiance. It can also be seen the lowest efficiency of the day occur at highest 
irradiance and highest back plate or heat sink temperature. From Figure 5.11, 
it can be seen that the overall efficiency of CPV system is higher as compared 
to performance curve in Figure 5.12. The main reason for this difference is the 
different peak irradiance in both days. For performance curve in Figure 5.11, 
maximum irradiance doesn't go above 600 W/m
2
. However, for other day it is 
touching about 800 W/m
2
. It may be noted that the sudden peaks in the 
performance curve doesn't reveal the actual performance of CPV system due 
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to calculation confusion due to delay in data logging during transient response 
of the system.  
 
Figure 5.11: System Efficiency against DNI and Heat Sink Temperature for 
Mini Dish Cassegrain CPV for Experiment Set-2 
 
Figure 5.12: System Efficiency against DNI and Heat Sink Temperature for 
Mini Dish Cassegrain CPV for Experiment Set-3 
In the previous chapter, the normalized power output curve of concentrating 
assembly based upon the ray tracing simulation results was shown. In figure 
5.13, the experimental and simulated normalized power output curves are 
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shown for mini dish cassegrain CPV system. It must be noted that the 
simulated curve is based upon the total radiation flux output at homogeniser 
outlet, determined through ray tracing simulation same as discussed in the 
previous chapter. However, the experimental normalized power output curve 
is based upon the actual total electrical output of the CPV system as it is the 
electrical energy not the radiation flux that is of main interest in CPV system. 
 
Figure 5.13: Experimental and Simulated Normalized Power Output Curve for 
Mini Dish Cassegrain CPV 
The experimental normalized power curve was obtained at solar noon time 
around 1:15 pm as sun is at maximum elevation and only azimuth angle is 
changing. Moreover, irradiance at solar noon is highest and not changing. For 
experimental normalized curve, a constant load corresponding to maximum 
power point at start of experiment was attached and the tracker was stopped. 
The angular deviation was measured by calculating the azimuth angle 
corresponding to starting and ending time of the experiment. From the 
normalized power output curves, it can be seen that the trend of experimental 
and simulated curve is same. But the experimental normalized curve is slightly 
lower than the simulated curve, at higher angular deviation. This difference is 
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because of the fact that the experimental normalized power curve is based 
upon the electrical power output and because of optical loss at higher angular 
deviations, the maximum power point of CPV system is shifting as constant 
load is applied across cell output, which causes less power production due to 
lower operating efficiency. On the other hand, simulated curve is based upon 
the radiation flux, which is not affected by the load resistance. For 0.3
o
 angular 
deviation, the designed tracking accuracy, the performance of the CPV system 
is highest and maximum. 
5.4 Fresnel Lens-Glass Homogeniser CPV System 
The fabricated Fresnel Lens-Glass Homogeniser CPV system is shown in 
Figure 5.14. The developed system consist of a small CPV module with four 
MJC cells and an 2 x 2 array of Fresnel Lenses, according to design as 
discussed in the previous Chapter 4. The CPV module is mounted onto 
aluminium frame of developed two axis solar tracker. The Fresnel lens array is 
made of PMMA plastic with optical efficiency of 80%. The glass homogeniser 
is tapered glass rod made of quartz material. The glass homogeniser is 
attached onto MJC submount with optically graded silicone. Each MJC 
submount is attached to heat sink with thermal glue for heat dissipation. A 
thermistor type temperature sensor is attached to heat sink to measure cell 
back plate temperature. All four MJCs are connected in series and the total 
power output is connected to MPPT resistor, which is then logged through 
data logger. A perfect bright spot at centre of homogeniser verifies the design 
of concentrating assembly. In order to investigate the real field performance of 
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developed Fresnel Lens-Glass Homogeniser CPV system, the experimental 
results are discussed in the next section. 
 
 
Figure 5.14: Developed CPV System on Fresnel Lens-Glass Homogeniser 
Design 
5.4.1 Experimental Investigation of Fresnel Lens-Glass Homogeniser CPV 
System 
Figure 5.15 shows the experimental results of the maximum performance 
potential of the developed Fresnel Lens-Glass Homogeniser CPV system. 
Similar to mini dish cassegrain CPV system, the results shown for Fresnel lens 
are for two different time slots, one for morning and the other for noon time, 
to see the effect of temperature on the system performance. From experimental 
results, it can be seen that the maximum efficiency recorded is 28%, which is 
same as commercial CPV systems and much higher than the mini dish CPV 
system, with same type of MJC cell. From Figure 5.16(b), it can be seen that 
the efficiency of system reduces around 3% at higher temperatures during 
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noon time. The only major reason for lower efficiency of mini dish CPV 
system is the lower optical efficiency of concentrating assembly, due to 
surface quality of reflecting surfaces as mini parabolic dishes were coated two 
time, which resulted in some surface defects. Moreover, the optical reflectance 
of aluminium varies between around 80-88% and due to two stage 
concentration, the combine reflectance of two surfaces decreases, causing 
lower efficiency of mini dish CPV system. Although optical efficiency of 
Fresnel lens is around 80%, but due to single stage concentration, higher 
system efficiency is achieved.  
  
(a) (b) 
Figure 5.15:  Maximum Performance Potential of Fresnel Lens-Glass 
Homogeniser CPV System (a) in Morning (b) at Noon 
Now, in order to investigate the performance variations of Fresnel Lens-Glass 
Homogeniser CPV system during whole day operation, the performance 
curves are shown in Figure 5.16. For comparison, it is worthy to mention here 
that the performance curves of Fresnel Lens-Glass Homogeniser CPV system 
presented in Figure 5.16 are recorded for the same day and same time with 
same DNI profile as that of performance curves of mini dish CPV system, 
shown in Figure 5.9. A similar trend of results can be seen here as higher 
system efficiency observed during morning period with lower heat sink 
temperature. However, efficiency dropped by 3% at solar noon time with 
highest solar irradiance received and heat sink temperature. The efficiency 
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curve then increases in the afternoon as irradiance and heat sink temperature 
start to drop.  
 
Figure 5.16: Performance Characteristics of Fresnel Lens-Glass Homogeniser 
CPV for whole Day Operation 
Figure 5.17 shows the total power output of Fresnel Lens-Glass Homogeniser 
CPV system with variation in total voltage and current output of the system 
for whole day operation. From the results, it can be seen that the total power 
output of the system is around 10W (per cell 2.5W), which is very high as 
compared to mini dish CPV system. The first reason is that there are four MJC 
connected in series in Fresnel Lens-Glass Homogeniser CPV system. The 
second reason is the higher efficiency of Fresnel Lens-Glass Homogeniser 
CPV system, causing higher power output per cell. However, similar trend for 
current and voltage profile can be seen as current is increasing with increase in 
DNI or power, while voltage output is decreasing due to shifting of maximum 
power point to low voltage level. The total current output of Fresnel Lens 
system is higher than that of mini dish system, which is also due to the higher 
system efficiency and due to series connection, the same current is flowing 
through each cell. 
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Figure 5.17: Total Voltage, Current and Power output from Fresnel Lens-
Glass Homogeniser CPV 
In order to see the consistency of the performance of CPV system, the 
performance curves of other two days testing are shown in Figures 5.18 and 
5.19. The operating efficiency of CPV system is almost same as mentioned in 
maximum performance potential curves, shown in Figure 5.15. Moreover, 
similar trend of efficiency drop can also be seen due to effects of irradiance 
and temperature. However, overall higher efficiency is observed for Figure 
5.18 than 5.19, which is because of the lower value of peak irradiance during 
whole day operation. 
 
Figure 5.18: System Efficiency against DNI and Heat Sink Temperature for 
Fresnel Lens-Glass Homogeniser CPV for Experiment Set-2 
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Figure 5.19: System Efficiency against DNI and Heat Sink Temperature for 
Fresnel Lens-Glass Homogeniser CPV for Experiment Set-3 
 
Figure 5.20: Experimental and Simulated Normalized Power Output Curve for 
Fresnel Lens-Glass Homogeniser CPV 
In order to study the acceptance angle of the developed CPV system, Figure 
5.20 shows the normalized power output curve obtained through experimental 
results and compared with the simulated normalized power output. The 
simulated normalized power curve is based upon the radiations flux output at 
outlet aperture of homogeniser through ray tracing simulation, as discussed in 
the previous chapter. The experimental normalized power curve is obtained 
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from electrical power output with constant load, during solar noon and with 
clear sky conditions, by following the procedure as mentioned in the previous 
section for case of mini dish cassegrain CPV system.  
The normalized power output curves shows that the CPV system has 
acceptance angle of around 1
o
 for which the normalized power remain as high 
as 98%.  It can be seen that the trend of experimental normalized curve is 
same as that of simulated curve. However, as angular deviation increases, the 
gap between experimental and simulated curves increases. This is because of 
the shift of maximum power point of cell that resulted in loss in efficiency and 
power output. As a constant load is connected across the cell during 
experiment. In addition, as CPV system has higher power output at higher 
angular deviation, which depicts that it can be operated with low tracking 
accuracy requirement. However, for the developed tracking system with 0.3
o
 
designed tracking accuracy, highest performance of the CPV system can be 
assured. 
5.5 Fresnel Lens-Reflective Homogeniser CPV System 
The third CPV system developed for performance analysis and comparison of 
different CPV design, is shown in Figure 5.21, according to the design 
discussed in previous chapter, in which radiations are directly focussed onto 
MJC. A reflective type homogeniser is attached at the periphery of the MJC. 
This reflector does not cover the area of cell but directs the radiation towards 
cell area through reflection, in case of higher angular deviation. This reflective 
type homogeniser is made of aluminium without any further coating. 
Therefore, there is some optical loss due to reflectivity of aluminium is there 
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when rays hit the reflector. However, in case of glass homogeniser, the optical 
losses are less, but only due to absorbance of the glass material.  
 
Figure 5.21: Developed CPV System on Fresnel Lens-Reflective Homogeniser 
Design 
The 2x2 array of Fresnel lens is same as used in case of Fresnel lens CPV 
system with glass homogeniser and made of PMMA plastic. The MJC 
submounts are screwed to an aluminium base with thermal tape, which not 
only provide mounting support but also acts as heat sink. A thermistor type 
temperature sensor is attached with aluminium base plate. The MJC 
submounts are connected through series electrical connection for higher 
voltage output. The performance analysis of Fresnel Lens-Reflective 
Homogeniser CPV system is discussed in next section. 
5.5.1 Experimental Investigation of Fresnel Lens-Reflective Homogeniser 
CPV System 
In order to investigate the maximum performance potential of current CPV 
system, the performance curves are shown in Figure 5.22, for morning and 
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noon time. From the results, it can be seen that the maximum efficiency of the 
CPV system is recorded as 28%, which is same as Fresnel Lens-Glass 
Homogeniser CPV system. However, the sudden peaks in the performance 
curves do not represent the true system performance, rather caused by the data 
logging delay due to system transient response. The 3% drop in efficiency is 
observed as heat sink temperature and irradiance goes high during operation at 
noon time. In order to see the continuous variations in the performance of 
Fresnel Lens-Reflective Homogeniser CPV system, the performance curves 
are shown in Figure 5.23, for whole day operation. 
  
(a) (b) 
Figure 5.22:  Maximum Performance Potential of Fresnel Lens-Reflective 
Homogeniser CPV System (a) in Morning (b) at Noon 
From Figure 5.23, it can be seen that the CPV system efficiency is almost 25% 
for whole day operation, same as Fresnel lens CPV system with glass 
homogeniser. However, some efficiency drop is observed at solar noon time 
because of the higher DNI that resulted in high cell temperature and the reason 
for this efficiency drop is already explained in previous sections that higher 
DNI results in high concentration at cell area, causing increase in cell 
temperature. For comparison, the performance curve mentioned in Figure 5.23 
is for the same DNI profile as that of other two CPV systems.  
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Figure 5.23: Performance Characteristics of Fresnel Lens-Reflective 
Homogeniser CPV for whole Day Operation 
 
Figure 5.24: Total Voltage, Current and Power output from Fresnel Lens-
Reflective Homogeniser CPV 
Figure 5.24 shows the total power output, current and voltage of current CPV 
system. It can be seen that the maximum power output recorded for current 
CPV system is around 10W, which is same as achieved through Fresnel lens 
CPV system with glass homogeniser. However, current output is slightly 
lower and voltage output is slightly higher than the Fresnel lens CPV system 
with glass homogeniser. However, the overall performance in form of 
efficiency and power output is almost same, which also implies that the optical 
loss in glass homogeniser is almost negligible. In order to observe the 
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consistency of the CPV system performance, the results for other two different 
days are shown in Figures 5.25 and 5.26. The efficiency of the CPV system is 
varying around 25% with ±1% change, because of variation in DNI and heat 
sink temperature. However, overall performance of the system remains as high 
as reported through maximum potential curves.  
 
Figure 5.25: System Efficiency against DNI and Heat Sink Temperature for 
Fresnel Lens-Reflective Homogeniser CPV for Experiment Set-2 
 
Figure 5.26: System Efficiency against DNI and Heat Sink Temperature for 
Fresnel Lens-Reflective Homogeniser CPV for Experiment Set-3 
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Figure 5.27 shows the experimental and simulated normalized power output 
curves for Fresnel Lens-Reflective Homogeniser CPV system. The 
experimental curves is based upon electrical power output with constant load, 
at solar noon time, while the simulated curve is based upon the total flux at 
cell area. From the normalized power curve, it can be seen that the acceptance 
angle of current CPV system is around 0.7
o
. Even before 0.7
o
, a very slight 
gradual decrease in normalized power can be seen which may be due to 
uneven distribution of radiation flux over cell area as lens is directly focussing 
light onto the solar cell. After 0.7
o
, a gradual drop in normalized power can be 
seen, caused by the optical loss due to reflectance of reflective homogeniser. 
At 0.7
o
, same drop in simulated normalized power curve can also be seen, 
which verifies that the loss is due to interaction of rays with reflective 
homogeniser. However, gradual drop in experimental normalized power, as 
compared to simulated curve, is because of reflectivity and surface quality of 
aluminium reflective homogeniser and due to shift in the maximum power 
point of the solar cell, which are not considered in the simulation. 
 
Figure 5.27: Experimental and Simulated Normalized Power Output Curve for 
Mini Dish Cassegrain CPV 
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5.6 Discussion on Performance Comparison of Developed CPV 
Systems 
Up till now, the performance of each of the CPV systems is investigated 
separately. However, in this section the performance of all three developed 
CPV systems is compared and discussed on the same ground. Figure 5.28 
shows the experimental and simulated normalized power curve for all three 
CPV system.  
 
Figure 5.28: Comparison of Experimental and Simulated Normalized Power 
Output Curve for Developed CPV Systems 
At first glance, it can be seen that the Fresnel lens CPV system with glass 
homogeniser has highest acceptance angle among all three CPV system, 
followed by the Fresnel lens CPV system with reflective homogeniser and 
mini dish cassegrain CPV system. The main reason for the lowest acceptance 
angle of mini dish CPV system is due to double stage concentration with high 
sensitive to angular deviation. As incident rays are reflected two time, so small 
deviation in incident rays causes rays to deflect with angle two time higher 
than the single stage reflector concentration in case of Fresnel Lens CPV 
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system. From comparison of mini dish CPV system with Fresnel Lens-Glass 
Homogeniser CPV system, as the inlet aperture of glass homogeniser is same 
in both system, a small deviation in incident rays causes larger linear deviation 
of focussed light at homogeniser inlet which causes higher optical loss at 
higher angular deviation as compared to Fresnel Lens design.  
The difference between normalized curve for Fresnel Lens CPV system with 
glass homogeniser and with reflective homogeniser is because of the fact that 
in case of glass homogeniser design, the rays are concentrated onto 12 mm x 
12 mm area instead of 5.5 mm x5.5 mm cell area, as in reflective homogeniser 
design. This causes a decrease in simulated normalized power curve after 0.7
o
 
deviation, which is due to slight loss by reflective homogeniser as compared to 
glass homogeniser in which light propagates through TIR. However, the 
experimental normalized curve is of main importance here as the loss due to 
reflective homogeniser is higher than glass homogeniser, which is loss due to 
reflectivity of material than TIR. Despite the difference in performance, all 
three CPV systems have almost 100% normalized power for angular deviation 
of 0.3
o
, which is the accuracy of the developed tracking system. Therefore, the 
difference in the conversion efficiencies of CPV systems is due to optical 
efficiency loss due to optical material limitations. Summary of the CPV 
performance related to all CPV designs, is given in Table 5.1. 






No. of MJC 
Used 
Mini Dish Cassegrain CPV 
system 
19% 4W 2 
Fresnel Lens-Glass 
Homogeniser CPV System 
28% 10W 4 
Fresnel Lens-Reflective 
Homogeniser CPV System 
28% 10W 4 
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5.7 CPV-Hydrogen System Description 
Based upon the experimental investigation of the CPV systems, it was found 
that the Fresnel Lens CPV system with glass homogeniser showed best 
performance among all three developed CPV systems. Therefore, in order to 
analyze the performance of CPV system for production of hydrogen, Fresnel 
Lens-Glass Homogeniser CPV system was selected to be coupled with the 
electrolysers to investigate the CPV-Hydrogen system performance. Figure 
5.29 shows the schematic of the CPV-Hydrogen system developed for its 
experimental performance analysis.  
 
Figure 5.29: Schematic of Control Circuit and System Arrangement for CPV-
Hydrogen Experimental Setup 
The CPV-Hydrogen system consists of three main sub-systems; one is the 
Fresnel Lens CPV system with glass homogeniser to convert solar radiations 
into DC electricity, second is the hydrogen production system that consists of 
a stack of PEM electrolyser cells connected in series and produces hydrogen 
and oxygen from electrolysis of distilled water and the last one is the hydrogen 
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compression system that compresses, delivers and stores the produced 
hydrogen and oxygen into storage cylinders, for energy storage or other 
downstream applications like fuel cell etc. The produced hydrogen and oxygen 
gases are first temporarily stored over water in water supply tanks and then 
sucked from there through the compressor, to be stored into storage cylinders.  
To monitor and record the performance parameter of CPV-Hydrogen system, 
the output of each of the component is recorded through data logger. The 
fabricated CPV-Hydrogen system is shown in figures 5.30 and 5.31. However, 
the details and performance of the CPV system are discussed in the previous 
section. In the left side of Figure 5.30, the developed hydrogen production 
system can be seen with the stack of three PEM electrolyser cells connected in 
series. Each side of electrolyser cell is connected to water supply tanks, which 
not only supply distilled water to the electrolysers but also provide temporary 
storage of produced gases over water, to measure the quantity of produced 
gases.  
 
Figure 5.30: CPV-Hydrogen Experimental Setup 
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The water supply tank, which is closed to atmosphere, is connected to a 
pressure balance tank, which is open to atmosphere. So the water level in the 
water supply tank is kept at higher level and the water level in the pressure 
balance tank is kept at lower level. The gases are stored in water supply tank 
first and as a result, its water level goes down while the water level in pressure 
balance tank goes up to keep pressure balance in both tank as atmospheric. A 
level sensor is dipped into the pressure balance tank to measure the change in 
water level, which gives the amount of gases produced from electrolysis. The 
level sensor is a eTape from Milestone Technologies, whose resistance 
changes is calibrated in terms of water level change and measured through a 
voltage divider. The output of level sensor is also verified by the manual 
reading from graduated scale on water supply tank as the volume change in 
both tanks is same. When water level in the water supply tank goes to lower 
limit, the produced gases are sucked through the compressor and stored into 
the storage tanks. The hydrogen compression system is shown in Figure 5.31. 
 
Figure 5.31: Hydrogen Compression System 
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One common compressor is used for both hydrogen and oxygen compression. 
However, when one gas is compressed, the flow line of the other gas is closed 
to avoid mixing. In order to ensure purity of the stored gases, the storage 
cylinders are first evacuated from any trapped air inside the cylinders. The 
purity of hydrogen gas is of prime importance in order to be used in 
downstream applications like fuel cell. Therefore, the purity of hydrogen gas 
was tested through the gas analyzer and the results before and after the supply 
of hydrogen gas are shown in Figure 5.32. The results in Figure 5.32(a) are for 
the case when the inlet port of gas analyser was open to atmosphere. However, 
in Figure 5.32(b), the results shown are for the case when produced hydrogen 




Figure 5.32: Hydrogen Purity Analyzer (a) Before Hydrogen Supply (b) After 
Hydrogen Supply 
In order to analyze and monitor the real time performance of the CPV-
hydrogen system, LabVIEW code was written which was integrated with 
LabVIEW code written for CPV experimental investigation. The recorded data 
is analyzed to calculate the performance parameters of CPV-Hydrogen system 
with real time graphs plotting and the results are also saved in form of spread 
sheet file. The methodology regarding the calculation of performance 
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parameters of CPV-Hydrogen system in LabVIEW, is discussed in the next 
paragraph. 
One of the most important performance parameters of CPV-Hydrogen system 
is amount of hydrogen produced, Equation (5.3), that depends upon the 
amount of the Faraday efficiency and the amount of current flowing through 
the electrolyser. With known amount of hydrogen produced at certain current 
flow, Equation (5.3) can also be used to calculate faraday efficiency of 
electrolyser. However, for current experimental study, the amount of hydrogen 







  (5.3) 
The efficiency of the electrolyser depends upon the amount of hydrogen 
production for certain amount of power supplied, as given by the Equation 
(5.4). The amount of hydrogen was measured experimentally and 237200 
(J/mol) is the energy corresponding to thermo-neutral voltage of 1.23V. For 
Faraday efficiency of nearly 100%, the electrolyser efficiency can be taken as 
















   (5.4) 
The overall efficiency of solar to hydrogen conversion can be found through 
product of CPV efficiency and the electrolyser efficiency, as given by the 
Equation (5.5). 
ELCPVHCPV  2_   (5.5) 
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From Equation (5.4), it can be seen that the efficiency of the electrolyser 
depends upon the operating voltage of the electrolyser. So, the electrolyser are 
designed to operate at lower voltage but with higher current flow, to get high 
hydrogen production rate. The characteristic curves for the PEM electrolyser 





Figure 5.33: PEM Electrolyser Characteristics (a) IV-Curve (b) Production 
rate and Faraday Efficiency 
For current CPV-Hydrogen system analysis, the utilized mini PEM 
electrolyser cell is from Horizon company. The performance curves for single 
cell of PEM electrolyser are shown in Figure 5.33. Figure 5.35(a) shows the 
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IV curve of the single electrolyser cell. It can be seen that the water splitting 
starts at about 1.4V and after that, the voltage and current are increasing 
almost linearly. Figure 5.33 (b) shows the measured Faraday efficiency of the 
electrolyser corresponding to the electrolyser cell voltage and H2 production 
flow rate. It can be seen that the Faraday efficiency is almost 100% for 
complete operating range of electrolyser cell. Therefore, Equation (5.3) can 
also be used for to calculate the production of the hydrogen as Faraday 
efficiency is almost 100% for complete operating range of voltage. 
 
Figure 5.34: Solar to Hydrogen Conversion Efficiency and CPV Efficiency 
against DNI 
5.8 Results and Discussion for CPV-Hydrogen System 
Figure 5.34 shows the efficiency curves for CPV and CPV-Hydrogen system 
against the DNI curve, for whole day operation. The efficiency of the CPV 
system is almost constant with a small variation between 24-26%. However, 
the solar to hydrogen efficiency is of main importance here. From Figure 5.34, 
it can be seen that the maximum 18% of solar to hydrogen efficiency is 
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recorded. However, it drops to 15% with increase in DNI, which is due to drop 
in the efficiency of electrolyse that can be seen in Figure 5.35. In addition, as 
CPV-Hydrogen system is capable of converting solar energy to hydrogen with 
as low as 15% efficiency but still it is at least 3-4 times higher than the 
conventional stationery PV-Hydrogen systems. 
 
 
Figure 5.35: Electrolyser Efficiency, Voltage and Current Consumed per Cell 
of Electrolyser Stack for Whole Day Operation 
Figure 5.35 shows the electrolyser efficiency, operating voltage and current 
consumed per cell of the electrolyser stack, for whole day operation. It can be 
seen that the voltage and current consumption of the electrolyser are directly 
proportional to the DNI received. Higher the DNI means higher power output 
of the CPV system. On the other hand, there is linear relationship between 
electrolyser voltage and current. So with the increase in the electrolyser 
current, the operating voltage of electrolyser also increases. It must be noted 
that only part of the power of CPV is used according to the maximum power 
capacity of electrolyser stack and the voltage control is managed by MPPT. As 
the efficiency of electrolyser almost entirely depends upon its operating 
voltage, given by Equation (5.4), therefore the drop in the electrolyser 
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efficiency can be seen with increase in the DNI, which causes the drop of solar 
to hydrogen efficiency. As CPV efficiency is almost constant, therefore, the 
overall efficiency of solar hydrogen system depends upon the electrolyser 
efficiency.  
For efficient design, the electrolyser must be capable of water splitting with 
high current density but at lower voltage. As the system efficiency is changing 
during whole day, therefore, in order to see the overall average performance of 
the CPV-Hydrogen system, the experiment was repeated for different day and 
the summary of the results with overall average performance of the CPV-
Hydrogen system is given in Table 5.2. 


















kWh/day kWh/day %/day %/day kWh/kg %/day kWh/kg 
1 0.046 0.207 22.4 67.5 48.87 15.1 217.83 
2 0.045 0.199 22.3 66.0 49.94 14.7 223.77 
3 0.046 0.200 23.1 67.8 48.65 15.6 210.94 
4 0.042 0.191 22.0 67.6 48.77 14.9 221.95 
5 0.040 0.180 22.1 68.5 48.12 15.2 217.36 
6 0.024 0.106 22.2 70.4 46.84 15.6 211.07 
7 0.053 0.238 22.3 66.7 49.43 14.9 221.79 
8 0.044 0.194 22.5 66.8 49.32 15.0 219.30 
9 0.038 0.168 22.4 66.1 49.87 14.8 222.44 
10 0.037 0.169 22.0 68.6 48.05 15.1 218.30 
11 0.057 0.257 22.1 65.7 50.20 14.5 227.27 
12 0.053 0.233 22.6 66.3 49.72 15.0 219.73 
13 0.049 0.214 22.9 66.5 49.57 15.2 216.74 
14 0.041 0.184 22.1 68.3 48.25 15.1 218.14 
15 0.041 0.184 22.3 68.9 47.85 15.4 214.34 
16 0.032 0.141 22.8 70.8 46.54 16.1 204.35 
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From the average performance chart, it can be seen  that the overall 15±1% of 
the solar to hydrogen efficiency is achieved on daily average. The average 
efficiency gives the real performance insight of the solar energy system as the 
solar energy keep changing and the average efficiency accounts for all these 
fluctuations and changes due weather changes or solar intermittency. 
Moreover, electrolyser can also be seen to be operated with an average 
efficiency of 66-71%, that actually depends upon the operating voltage of 
electrolyser or indirectly the peak solar irradiance received for that day. Figure 
5.36 shows the daily average electrolyser efficiency against the solar energy 
received for whole day. It can be seen that with the larger the amount of solar 
radiation received, the lower is the electrolyser efficiency. But in actual, it is 
more likely depending upon the DNI received at that particular day, which 
depicts the operating voltage. The partial cloudy day with longer sun 
availability may have higher electrolyser efficiency than the clear day with sun 
availability for very short period. But generally, higher solar energy received 
is considered as the high DNI received, as the days with higher solar energy at 
comparatively lower peak DNI are rare. 
Figure 5.37 shows the effect of electrolyser efficiency variations on the 
hydrogen production rating. The results show higher production rating at 
higher electrolyser efficiency, which depicts low power input is required is 
needed. The performance parameter kWh/kg of hydrogen production rating is 
of prime importance for the customers who are interested in hydrogen 
production as their final product. So, lower kWh/kg factor is favourable for 
better performance. Here kWh represents the energy consumed by the 
electrolyser. However, for overall solar to hydrogen conversion performance, 
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given in Table 5.2, the kWh/kg parameter shows the amount of solar energy 
received by the concentrator to produce one kilogram of hydrogen. 
 
Figure 5.36: Daily Average Electrolyser Efficiency against the Solar Energy 
Input Received for Whole Day 
 
Figure 5.37: The Effect of Variation of Electrolyser Efficiency on Hydrogen 
Production 
5.9 Summary 
In this chapter, the development of the concentrated photovoltaic (CPV) and 
CPV-Hydrogen system is discussed, with their performance investigations in 
the outdoor weather conditions. The operation and control of the developed 
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experimental setup of CPV and CPV-Hydrogen system through LabVIEW are 
explained. In the first section of the chapter, the development and the 
fabrication of all three CPV systems, mini dish cassegrain design, Fresnel 
lens-glass homogeniser design and Fresnel lens-reflective homogeniser design, 
are discussed. All three CPV systems are fabricated according to the design 
criteria discussed in Chapter 4. The mini parabolic and hyperbolic dishes are 
fabricated using aluminium material, with further optical coating of aluminium 
to get better surface finish. A 2x2 array of PMMA Fresnel lens, according to 
optimized design is obtained. All the three fabricated CPV modules are 
mounted onto developed two axis solar trackers, which are controlled through 
master slave configuration. The performance of the developed CPV systems is 
investigated in outdoor weather conditions. The maximum CPV system 
efficiencies of 17-18% and 27-28% were recorded for mini dish CPV system 
and both Fresnel lens based CPV systems respectively. From the normalized 






 were recorded for 
mini dish CPV, Fresnel lens-reflective homogeniser CPV and Fresnel lens-
glass homogeniser CPV, respectively. However, all of the three systems 
showed highest performance against the developed tracking accuracy of 0.3
o
. 
The lower efficiency for mini dish CPV was due to aluminium coating and 
double stage reflection, which also caused lower acceptance angle of the 
concentrating assembly.  
Based upon the efficiency and the acceptance angle, the Fresnel lens-glass 
homogeniser was further considered for performance investigation of CPV-
Hydrogen system. The hydrogen production unit was design and developed 
using PEM electrolysers and feed water tanks. The produced hydrogen was 
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then compressed and stored into cylinders. The maximum efficiency of solar 
to hydrogen conversion was recorded as 18%. However, average efficiency of 
15% for solar to hydrogen conversion was recorded for whole day operation. 
Moreover, for series of experiments under different weather conditions, the 
average performances of 47 kWh/kg and 218 kWh/ kg were measured for 
electrolyser and overall solar energy to hydrogen conversion, respectively. 
In the next chapter the long term performance of the developed CPV systems 
is investigate using proposed electrical rating methodology. 
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Chapter 6: Long Term Electrical Rating of 
Concentrated Photovoltaic (CPV) Systems  
6.1 Introduction 
Solar energy has the highest energy potential among all the energy resources, 
to meet the global energy needs [5]. In addition, photovoltaic systems offer the 
direct conversion of solar energy into electricity, providing simple and elegant 
method of solar energy utilization. Due to diversity of the photovoltaic 
technology, the existing market is full of different photovoltaic systems 
ranging from conventional silicon-based stationary photovoltaic (PV) panels 
to two axis tracked concentrated photovoltaic (CPV) systems. Every 
photovoltaic system has different performance and working conditions. The 
performance of the photovoltaic systems is rated through a flash of light of 
1000 W/m
2
 onto the module, with 25
o
C cell temperature under standard 





temperature and 1m/s flow rate, under standard operating conditions (SOC) or 
Nominal Operating Cell Temperature (NOCT) (IEC 61215 and IEC 61646) 
[117]. The instantaneous energy conversion efficiency is used as a rating 
parameter to analyze the performance potential of the photovoltaic system. 
However, the real field conditions are different than the rated conditions, with 




C and cell have to 
operates for a longer period of time. The intensity of solar radiations is higher 
only at the noon time, but not necessarily 1000 W/m
2
. Beside different 
operating conditions, different photovoltaic technologies also need different 
working conditions. Although CPV operates at higher efficiency than 
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conventional PV [13,118,119] but it can only accept and convert solar beam 
radiations into electricity [120]. This depicts that conventional PV can still 
have power production in cloudy conditions but not CPV. 
Efficiency of the solar cell varies with temperature and spectrum, affecting the 
total power output of the system for long term operation than the predicted 
value [121] as ultimately the consumer is interested in the total energy yield of 
the photovoltaic system. Moreover, dust storms and dust accumulation on the 
photovoltaic modules reduces the solar irradiance reaching the solar cell, 
thereby reducing its performance. There are many models developed to 
estimate the performance of conventional PV systems [122-124]. However, 
because of different operating conditions, PV performance models cannot be 
used for CPV. Some researchers studied the CPV performance by setting 
outdoor parameters for laboratory testing [125]. Some authors used PV power 
estimation model but with consideration of yearly average direct normal 
irradiance and performance ratio [126]. However, due to intermittency of solar 
energy and dynamic nature of meteorological data, DNI data availability and 
prediction uncertainties varies from region to region. The CPV performance 
depends upon many factors [127] including dust storms [128] that increases 
uncertainties in the estimation or simulation approaches and motivating to 
propose the long-term electrical rating (LTER) method. The LTER provides 
energy planners and designers a simple and quick but accurate methodology to 
determine the size of photovoltaic plant, based upon actual power output of 
the CPV system from long term field testing data. From LTER, they can 
understand the real potential and economic viability of a solar photovoltaic 
plant.  
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In this chapter, for the first time the long-term electrical rating (LTER) has 
been introduced. The LTER of two in house built compact concentrated 
photovoltaic (CPV) systems is reported in tropical weather conditions of 
Singapore. This is the first ever outdoor field performance data reporting of 
any CPV system in Singapore, to investigate its power potential as CPV 
systems are recommended only for desert area because of high DNI 
availability. The electrical rating in kWh/m
2
.year, with average system 
efficiency, is used to investigate the potential of photovoltaic system in real 
field operating conditions. The electrical rating is the total electrical power 
output of the system per m
2
 of the photovoltaic system, normalized for period 
of one year. All three developed CPV systems, as discussed in the previous 
chapter with maximum efficiencies of 19% and 28%, are evaluated for long 
term operation. Experiments were conducted from September, 2014 to August, 
2015 and data the regarding electrical power output from CPV systems at the 
maximum power point and the direct normal irradiance (DNI) received, was 
recorded at an interval of 1sec. The LTER of the developed CPV systems was 
compared with the other conventional PV systems installed in Singapore. 
6.2 Electrical Rating Methodology 
Electrical rating is a method, parameter or tool that is proposed to be used to 
investigate the real field potential of any electrical power producing renewable 
energy system, utilizing intermittent energy source for its operation like solar 
energy or wind energy. From the long term power output measurement of the 
system, electrical rating is represented for particular region in normalized 
value as kWh/m
2
.year, in spite of its operating conditions. Instead of using the 
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performance data from overwhelming catalogue of the photovoltaic 
manufacturers, the motive of the proposed electrical rating methodology is to 
provide accurate but simple parameter for consumers and designers to estimate 
the size of power plant according to the actual power output data at specific 
location, as the availability of the renewable energy resources varies 
throughout the year due to their intermittent nature and varies region to region. 
In addition, the electrical rating provides a common playing field to analyze 
the real potential and economic viability of  any renewable energy system, 
irrespective of the  technology or energy source as the comparison parameter 
is the electrical energy output. 
Moreover, in electrical rating methodology, the focus is on the long term 
average performance of the system rather than the instantaneous efficiency 
and rated power. Due to many performance affecting parameters, the CPV 
instantaneous changes and fluctuates during operation. However, long term 
average efficiency remains stable and provides a reliable parameter to evaluate 
the true energy conversion potential of the system. The details of the electrical 
rating methodology and the system description are are discussed further in this 
section. 
6.2.1 CPV System Description under Investigation 
The current analysis of the CPV systems is based upon the electrical power 
output of the module which is measured in terms of the current and voltage 
through maximum power point tracking, connected at the module output. The 
performance parameters of the CPV system in form of power output and the 
DNI input were recorded for whole day operation, from sunrise to sunset, at an 
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interval of 1sec using Agilent data logger. The DNI was recorded using 
Pyrheliometer. The description of the CPV system defined in current 
experimental setup is shown in the Figure 6.1. In order to calculate the total 
energy yield of the CPV system per day, the power output curve of CPV 
system was integrated over the whole day period, using OriginPro software. 
Similarly, the total solar energy input was also calculated by integrating the 
received DNI over whole day period. 
 
Figure 6.1: Experimental Setup description of CPV System 
6.2.2 Electrical Rating Parameters  
In order to analyze the short term and long term performance of concentrated 
photovoltaic (CPV) system, Equations (6.1) and (6.2) can be used to calculate 
































              (6.2) 
The parameter 'm' here represents the maximum number of days in that 
particular month i.e. 30 or 31 but 28 or 29 for February. The parameter 'q' 
represents the total number of days for which the experiment was conducted or 
system performance recorded. The parameter 'E' represents the total daily 
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energy yield of the CPV system, that can be found using Equation (6.3). 





















































()(     (6.4) 
The parameters VCPV and ICPV represents the CPV total voltage and current 
recorded at maximum power point and Acon is the effective area of the 
concentrator. The parameter 't' represents the total time in seconds, for the 
operation of CPV system in that particular day and the measurements are 
taken at scanning interval of 'S', which is 1sec for current performance 
analysis. From the daily total energy input and output of the CPV system, 
Equations (6.5), (6.6) and (6.7) give the daily average, monthly average and 






































EfficiencyDNIAvergeOverall    (6.7) 
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As mentioned before, the CPV systems can only accept to solar beam 
radiations. Therefore, in all the above discussed functions of the average 
efficiency, the performance of the CPV system is evaluated based upon only 
DNI as energy input. However, solar energy consists of both beam and diffuse 
radiations. Therefore, in order to compare the performance of CPV with 
conventional PV, Equation (6.8) gives the average efficiency of the system 
















EfficiencyGHIAvergeOverall   (6.8) 
In addition, the Equation (6.9) gives the monthly share of beam radiations in 
















ShareMonthlyDNI   (6.9) 
By using the electrical rating value, the CO2 emissions savings can be 
calculated for each kWh produced, using the  carbon emission factor from 






RSavingEmissionsCO e     (10) 
Here the value 0.635 CO2 kg/kWh is provided by the International Energy 
Agency (IEA) for crude oil [129]. For different type of fuels, depending upon 
their calorific value, carbon emission factor is different and so as the CO2 
emission savings.  
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6.2.3 Maximum Performance Characteristics of Systems under 
Investigation 
It is essential to mention here the rated and maximum performance of the 
CPV, to confirm that the system under comparison have same rated 
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performance as commercial systems. The maximum performance rating of the 
MJC cell used, provided by Arima Photovoltaic and Optical Co., and the in 
house built CPV systems are given in Table 6.1. The installed and tested 
location of the CPV systems is also mentioned in Table 6.1.  
The maximum reported instantaneous efficiencies of the CPV systems are 
based upon the outdoor field testing of CPV modules at NUS EA-Building of 
Singapore. The detailed performance graphs are shown in Figures 6.2, 6.3 and 
6.4. The performance graphs shows the instantaneous efficiencies with 
corresponding DNI received with back plate temperatures and at different 
periods of time. The detailed description and analysis of these results are 
already discussed in the previous chapter. 
  
(a) (b) 
Figure 6.2: Fresnel Lens-Glass Homogeniser CPV System Performance (a) 
Test 1 (b) Test 2 
  
(a) (b) 
Figure 6.3: Fresnel Lens-Reflective Homogeniser CPV System Performance                        
(a) Test 1 (b) Test 2 
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(a) (b) 
Figure 6.4: Mini Dish Cassegrain CPV System Performance (a)Test 1(b)Test 2 
The testing was performed in the morning and noon time to analyze the effect 
of temperature and DNI. It is worthy to mention here that the temperature 
mentioned here is the back plate or heat sink temperature, not the cell 
temperature which is much higher than the back plate temperature. For both 
Fresnel lens CPV systems, the maximum instantaneous efficiency is 28%. 
However, for mini dish cassegrain CPV system, the maximum instantaneous 
efficiency is 18%, which is due to low reflectance of aluminum coating on 
reflectors. In addition, all three CPV systems are utilizing same type of MJC 
cell.  
In the next results and discussion section, firstly, the long-term performance of 
CPV systems is analyzed based upon the monthly and overall electrical rating. 
Secondly, the LTER of CPV systems is then compared with the LTER and 
long term average efficiency of the conventional stationary PV systems, 
installed in Singapore. The maximum rated performances of these 
conventional PV systems, with their installed locations, are given in Table 6.2 
and the system is shown in Figure 6.5. It must be noted that the mentioned 
performances are under STC conditions. 
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Table 6.2: Performance Characteristics of Conventional PV systems at CITI 
(BCA), Singapore  
Sr. No. Photovoltaic Technology Performance Location 
1 Mono-Crystalline (16.86 m
2
) 17.2 % @ STC [130] 
CITI (BCA), 
Singapore. 
2 Poly-Crystalline (19.4 m
2
) 16.2% @ STC[131] 
3 Thin Film (CIS) (21.27 m
2
) 17% @ STC[132] 
 
Figure 6.5: Conventional Mono-Crystalline, Poly-Crystalline and Thin Film 
(CIS) PV Systems at CITI (BCA), Singapore [133] 
6.3 Results and Discussion 
The monthly average weather data in the form of global irradiance (GHI), 
direct normal irradiance (DNI), duration of sun availability and the ambient 
average temperature per day for a period of one year, are shown in Figure 6.6,. 
The direct normal irradiance data was collected using Pyrheliometer mounted 
onto two axis solar tracker at NUS EA-Rooftop during one year operation of 
CPV. The global horizontal irradiance (GHI) data, sunshine duration data and 
ambient temperature data are average values of the weather data for year 2012,  
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Table 6.3: Summary of Long Term Weather Data 












Average Temp.  







/day % Hours/day % 
o
C 
September 4.63 3.46 1.17 74.66 5.72 87.96 27.97 
October 4.75 2.84 1.90 59.91 6.07 87.39 27.95 
November 4.10 2.18 1.92 53.22 4.78 88.68 27.24 
December 3.78 1.08 2.70 28.54 3.61 89.23 26.73 
January 4.71 3.42 1.28 72.72 5.77 87.67 26.64 
February 5.12 3.71 1.42 72.34 6.60 87.66 26.97 
March 5.28 3.18 2.10 60.17 6.58 87.57 27.74 
April 4.53 3.15 1.37 69.64 5.58 87.96 28.01 
May 4.27 3.78 0.49 88.57 5.60 88.08 28.32 
June 4.40 3.70 0.70 84.12 6.15 87.61 28.90 
July 4.31 3.38 0.93 78.36 5.80 87.92 28.07 
August 4.34 2.63 1.71 60.61 5.57 87.92 27.87 
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2013 and 2014, which are provide by NEA (National Environment Agency) 
Singapore [134]. From the figure, it can be seen that the longer sunshine is 
depicting the larger amount of received solar energy. Therefore, for the month 
of March, the highest solar energy was received with the highest average 
sunshine duration per day. However, the lowest solar energy was received 
during November and December with the lowest availability of the sun as the 
rainy season of Singapore occurs in this time period. A summary of the 
weather data details is given in the Table 6.3. 
Figure 6.7 shows the monthly performance of all three CPV systems based 
upon the monthly electrical rating, monthly average DNI efficiency with the 
the percentage share of monthly beam radiations received. From the 
performance data, it can be seen that the electrical rating depends upon the 
received DNI. For May and June, it can be seen that the highest values of 
electrical rating are recorded, 297.6 kWh/m2.year and 296.2 kWh/m2.year for 
Fresnel Lens-Glass Homogeniser CPV system, 297.2 kWh/m2.year and 278.2 
kWh/m2.year for Fresnel Lens-Reflective Homogeniser CPV system and, 
235kWh/m2.year and 227.2 kWh/m2.year for the mini dish casssegrain CPV 
system. It can also be seen that the higher DNI percentage is received for May 
and June. Although the instantaneous maximum efficiency for both of the 
Fresnel lens CPV systems is the same, the long term energy yield of the CPV 
system with reflective homogeniser is found to be always less than the CPV 
with glass homogeniser. This difference can only be explained from the 
normalized power output curves discussed in the previous chapter. Although 
the normalized power curves for both of the Fresnel lens based systems show 
their  maximum  performance  at  defined  tracking  accuracy,  the  normalized  
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Figure 6.6: Monthly Average Values of Solar Irradiance (Global and DNI) and Sunshine Duration Data per Day
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power curve for CPV system with reflective homogeniser is lower than the 
CPV with glass homogeniser. This is because of the optical loss that occurs 
when concentrated light reflects through the reflective homogeniser, which is 
made of aluminum having comparatively low reflectance. In short term 
performance analysis, this effect of homogeniser is not prominent. However, 
through long term performance, the true effect of homogeniser design on the 
system performance can be found. For mini dish CPV system, the reason for 
low electrical rating is due to comparatively low conversion efficiency.  
Beside the best performances, the poor performance of the CPV system was 
observed in November and December due to low availability of the DNI. 
Figure 6.7 also shows the average DNI efficiency of each of the CPV system 
based upon monthly DNI. It can be seen that the average DNI efficiency of 
Fresnel Lens-Glass homogeniser CPV system is highest i.e. 22% followed by 
the one with the reflective homogeniser design and the mini dish CPV system 
with 21.5% and 16% respectively. It can be seen that the average efficiency is 
lower  than  the instantaneous  rated efficiency, representing the real potential 
of the system. Furthermore, the average efficiency for each of the CPV system 
is higher in February. To further explain this trend of higher efficiency, there 
is need to reconsider Figure 6.6 as the highest sunshine duration and lowest 
ambient temperature recorded for February. 
After discussing the monthly variation of electrical rating of CPV systems, the 
overall electrical rating for 12-months period of operation is shown in Figure 
6.8. For performance comparison purpose, the overall electrical rating of CPV 
systems is compared with the conventional PV systems installed at CITI 
(BCA), Singapore. The overall electrical rating recorded for Fresnel lens CPV
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Figure 6.7: Monthly Electrical Rating and Monthly average Efficiency of CPV systems with the DNI Received 
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systems with glass homogeniser is 240.21 kWh/m
2
.year, with overall average 
DNI efficiency of 22%. Similarly, for the Fresnel lens CPV system with 
reflective homogeniser, the overall electrical rating 232.93 kWh/m
2
.year is 
recorded for 21.3% overall average DNI efficiency. However, for the mini 
dish CPV system, the electrical rating of 178 kWh/m
2
.year with 16.3% 
average DNI efficiency was recorded. It can be seen that the electrical ratings 
of the CPV systems are almost 2-3 fold higher than the conventional stationary 
PV systems, even in the tropical weather of Singapore, which proves the 
potential of the CPV system in residential or even tropical regions where the 
availability of DNI is lower than the recommended desert regions for CPV 
installations. Due to higher kWh electricity produced, the CPV systems can 
save the highest amount of CO2 emissions, with the highest value of 152.5 kg 
of CO2 saved for one m
2
 of the Fresnel Lens-Glass Homogeniser CPV in a 
period of one year. So far only DNI has been considered as energy input for 
the efficiency calculation of CPV system. However, a significant portion of 
solar energy is also received in the form of diffuse radiations  especially in 
tropical regions like Singapore and CPV systems do not respond to diffuse 
radiations. The conventional PV systems, on the other hand, can accept both 
DNI and diffuse radiations for power production. That is why GHI is used for 
the efficiency calculation of PV systems. In order to analyze all of the 
photovoltaic systems on the same ground, the overall average efficiency of the 
all photovoltaic systems is calculated considering GHI input as 1700 
kWh/m
2
.year, which the long term average global solar radiations received by 
Singapore [135]. The overall average GHI efficiency results are shown in 
Figure 6.9. From the results, it can be seen that the CPV systems are
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Figure 6.8: CPV Systems and conventional PVs and their CO2 Savings comparison 
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operating at higher efficiency than the conventional PV, as high as 14% long 
term efficiency. However, the conventional PV  systems showed the 
maximum of 7.5% long term efficiency. This graph is of great importance 
when the efficiency of the CPV is needed to be compared with the 
conventional PV. Due to non-acceptance of diffuse radiations by the CPV 
systems, the GHI efficiency shows the overall potential of system by 
considering all forms of solar energy as a input. 
 
Figure 6.9: Overall Average GHI Efficiency 
An overall summary of the monthly and overall performance of each of three 
CPV system is given in Table 6.4. From the data given, it can be seen that the 
during one year period of operation, only 66.1% of the total solar energy was 
received in the form of the beam radiations and the global radiation received is 
close to average solar energy availability of Singapore as 1700 kWh/m
2
.year. 
From the results, it can be seen that the electrical rating is depending upon the 
availability of DNI. Therefore, in order to further investigate and quantify 
their relation, a graph is plotted between total energy output of the system in 
the form of monthly electrical rating and corresponding monthly solar  
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Table 6.4: Summary of Long-Term (12 months) Performance Data of CPV Systems 
Month Solar Input 
Fresnel Lens-Glass 
Homogeniser CPV 




































September 142.04 103.75 73.0 22.70 21.89 15.78 15.2 22.20 21.4 
October 147.20 88.19 59.9 19.00 21.6 14.17 16.1 18.52 21.0 
November 122.97 65.44 53.2 14.55 22.2 10.62 16.2 14.09 21.5 
December 117.21 33.45 28.5 7.00 20.9 4.82 14.4 6.30 18.8 
January 146.37 106.10 72.5 23.39 22.0 17.20 16.2 22.78 21.5 
February 145.17 88.83 61.3 20.63 23.2 15.30 17.2 20.50 23.0 
March 163.73 98.52 60.2 21.97 22.3 16.10 16.3 21.12 21.4 
April 135.77 94.55 69.6 21.10 22.3 15.47 16.4 20.59 21.8 
May 132.31 117.19 88.6 25.28 21.6 19.96 17.0 25.24 21. 
June 132.08 111.11 84.1 24.35 21.9 18.67 16.8 22.86 10.6 
July 133.68 104.75 78.4 22.83 21.8 16.82 16.1 21.99 22.0 
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availability but normalized to yearly average solar energy input per m
2
, as 
shown in the Figure 6.10. For the CPV system, the power output is plotted 
against the DNI and for the conventional photovoltaic systems i.e. mono 
crystalline, poly-crystalline and thin film, the electrical rating is plotted for 
DNI that is 66.1% of the long term GHI i.e. 1700 kWh/m
2
.year as the 
performance of stationary PV depends upon the GHI. The plotted data is fitted 
through linear regression. It can be seen that the electrical rating and the direct 
normal irradiance (DNI) availability are directly proportional to each other 
with R
2
 value of 0.996, 0.9921 and 0.990 for both Fresnel lens based glass and 
reflective homogeniser CPVs and the mini dish CPV system, respectively. 
However, the main point of interest is that the electrical rating and DNI are 
proportional to each other through the long term average efficiency. It can be 
seen that the slope of the regressed line is the same as the long term DNI 
efficiency of the CPV or PV systems i.e. 22%, 21.3% and 16.3% for CPVs 
against DNI and 7.5%, 6.4% and 6.7% for conventional PVs against GHI. 
This electrical rating graph has the main importance from the design point of 
view of photovoltaic plant. From this graph, it can be seen that if the total 
average annual DNI availability is known then by knowing the average 
efficiency of the CPV system, not maximum or rated efficiency, a quick 
estimate of the total power output of the CPV system can be made at a 
particular region. Although the study is based upon the tropical region, 
however, if the higher total DNI availability for desert regions like Gulf 
countries, is known then the higher electrical rating can be achieved and 
estimated from electrical rating graph, if the average efficiency of the CPV 
system is known. 
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Figure 6.10: Total Power Delivered by assorted PV Systems against DNI and Global Irradiance 
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6.4 Summary 
Due to many factors affecting the performance of the photovoltaic system, a 
simple and accurate electrical rating methodology is proposed to analyze the 
field performance of any photovoltaic system. The conventional rating 
methods for photovoltaic system performance analysis employ a certain 
constant factor under laboratory conditions. Moreover, the solar cell 
temperature is kept either at 25
o
C according to the standard rating procedures. 
However, the real field conditions change continuously, especially solar 
irradiance along with variations in cloud cover and ambient temperature. 
Another important factor is the dust covering that reduces the system 
performance significantly. Even all the models developed to simulate the 
performance of the photovoltaic systems, are unable to cover all the 
performance which in actual cannot be predicted accurately. Despite operating 
conditions, the working conditions of CPVs are different from PVs. The 
consumers are ultimately interested in the total electricity yield by the system. 
Therefore, an electrical   rating   methodology  provides  the actual   
performance   data  of  the photovoltaic systems to designers and consumer to 
accurately predict the size of a photovoltaic plant, under climate conditions of 
a particular region. 
The performance of the developed CPV systems: Fresnel lens-Glass 
Homogeniser, Fresnel lens-Reflective Homogeniser and mini dish cassegrain, 
was evaluated for long term operation of one year (12-months). The 
performance parameters of the CPV systems in terms of the voltage and 
current output at maximum power point were recorded to measure the system 
power output. By integrating the power output curve over whole day period, 
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the daily electric energy yield was calculated and by summing up daily energy 
yield for each of months, the overall average efficiency and the 
monthly/overall electrical ratings of all three systems were obtained. Electrical 




.year and 178.00 kWh/m
2
.year 
were recorded with the overall average efficiency of 22.0%, 21.3% and 16.3% 
for the Fresnel lens CPV system with glass homogeniser, reflective 
homogeniser and the mini dish cassegrain CPV system respectively. The 
recorded electrical ratings are 2-3 folds higher than the conventional PV 
systems installed in Singapore. Moreover, the electrical rating chart shows the 
proportional relation of electrical against received DNI. From the electrical 
rating chart, the total power output of the CPV system can be accurately 
predicted if the average efficiency of the system  and the annual DNI 
availability is known. 
In the next chapter, the design, development and testing of novel multi-leg 
homogeniser concentrating assembly is discussed for CPV applications. 
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Chapter 7: Development of a Multi-leg Homogeniser 
Concentrating Assembly for Concentrated 
Photovoltaic (CPV) System 
7.1 Introduction 
Among all the photovoltaic technologies, concentrated photovoltaic (CPV) 
system offers the highest efficiency for solar energy to electricity conversion, 
as highly efficient multi-junction solar cells (MJC) are utilized. Because of 
high production cost of the MJC, it is not cost effective to build them in panels 
like conventional silicon based stationary PV modules. Therefore, in CPV 
system, low cost solar concentrators are used to concentrate sun rays onto a 
small area of MJC and as a result, reducing the use of expensive solar cell 
material by replacing it with cheap solar concentrators. In the conventional 
design of the CPV concentrating assembly, as discussed in the previous 
chapters, a single concentrator is used to concentrate solar radiation onto a 
single solar cell. In this chapter, a novel design of the CPV concentrating 
assembly is proposed which can concentrate solar radiation onto four MJCs 
using a single set of concentrators. The main motive for the development of 
this novel concentrating assembly design is to further reduce the cost of CPV 
system by reducing the number of concentrators needed for same capacity of 
system. As the concept of concentrated photovoltaic makes the use of multi-
junction solar cells cost effective by replacing expensive solar cell material 
with the low cost solar concentrators, this novel concept of concentrating 
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assembly design will further reduce the cost of CPV system by reducing the 
number of concentrators needed for the same power capacity.  
Figure 7.1 shows the simple schematic of the novel concentrating assembly for 
CPV to concentrate and distribute solar radiations onto four MJCs by using 
multi-leg homogeniser and single set of concentrators. This proposed multi-leg 
homogeniser concentrating assembly (MHCA) design consists of two 
reflecting concentrators in cassegrain arrangement and a multi-leg 
homogeniser. The parallel rays are reflected and concentrated by the primary 
and secondary concentrators onto multi-leg homogeniser. The purpose of the 
homogeniser here is to divide the received solar radiation into four parts and to 
further guide, distribute and concentrate them onto four MJCs placed at the 
four outlets of the homogeniser. In this chapter, first the design and the size 
calculations are discussed for reflectors and multi-leg homogeniser. Then 
based upon the design model, the prototype of the CPV system based upon 
multi-leg homogeniser concentrating assembly (MHCA) is developed and 
evaluated through experimentation and ray tracing simulation. 
  
(a) (b) 
Figure 7.1: Schematic of Multi-leg Concentrating Assembly for CPV 
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7.2 Design of Multi-leg Homogeniser Concentrating Assembly 
The design schematic of the CPV concentrating assembly based upon multi-
leg homogeniser is shown in Figure 7.2. Unlike the conventional design of the 
mini dish cassegrain concentrating assembly, as discussed in the previous 
chapters, the current design is based upon the two parabolic reflectors and as a 
result, area concentration is achieved instead of point concentration. Both of 
the reflectors of concentrating assembly are arranged such that the foci of both 
of the reflectors, primary and secondary, coincide with each other. The parallel 
rays, after being reflected by the primary parabolic reflector, are concentrated 
at its focal point. The secondary parabolic reflector is placed in the way of the 
converging rays such that its focal point coincides with the focal point of 
primary reflector. The converging solar radiations after being reflected by the 
secondary reflector, become parallel again as both of the reflectors have 
parabolic curvature, and the radiations then enter the multi-leg homogeniser.  
In order to design the concentrating assembly, the targeted ray path is 
designed such that the edge ray of primary reflector at point 'a' must hit 
secondary reflector surface at point 'b', which is at the same level as point 'b' 
and focal points. The parallel incident ray, after being reflected from point 'b', 
becomes parallel again and after entering into the multi-leg homogeniser, it is 
reflected at point 'c' due to total internal reflection, towards the outlet aperture 
of homogeniser. The point 'c' is at the junction of top and bottom tapered 
portion of the homogeniser. So the slope and the height of the bottom tapered 
portion is designed such that the ray after being reflected from point 'c', hits 
the point 'e' which is at the extreme edge of homogeniser outlet aperture and 
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hits the MJC which is placed there. As the edge ray leaves from point 'e' of the 
homogeniser outlet, the subsequent rays are then assured to be uniformly 
distributed over the entire area of the solar cell, as shown in the Figure 7.3. To 
keep the cell temperature within the optimum operating limit, all four MJCs 
are attached to heat spreader and heat sink. As the parallel incident rays also 
become parallel after the secondary reflector, the concentrated rays at the inlet 
aperture of multi-leg homogeniser then take the shape of primary reflect. 
However, the size of the secondary reflector determines the size of the 
concentrated rays area.  
 
Figure 7.2: Design of Multi-Leg Homogeniser Concentrating Assembly 
The design procedure for MHCA is divided into three steps. The first step is 
related to the size calculations and the design of primary concentrator. The 
second step is the design of the multi-leg homogeniser, followed by the third 
step related to the design and size calculations of the secondary concentrator, 
as the size of secondary concentrator depends upon the size of inlet aperture of 
Chapter 7 
Page | 184  
multi-leg homogeniser. A detailed procedure of design and development of 
prototype of MHCA for a certain concentration ratio is explained below.  
 
Figure 7.3: Distribution of Rays in Multi-Leg Homogeniser Concentrating 
Assembly 
Table 7.1: Design parameters for Primary Reflector 




CRg - 165 
2 Area of MJC AC m
2 0.00003025  
(5.5mm x 5.5mm) 
3 





0.0025       
(50mm x 50mm) 
 
The design parameters related to the size calculation of primary 
reflector/concentrator are given in Table 7.1. The geometric concentration 
ratio of x165 is selected for the design of current MHCA. The geometric 
concentration ratio is the ratio of the effective concentrating area and the area 
of multi-junction solar cell (MJC). The size of MJC is 5.5 mm x 5.5 mm, 
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provided by Arima Photovoltaic and Optical Co., as explained in the previous 
chapters. The system can be designed for higher concentration ratio. However, 
lower concentration ratio is only selected for prototype purpose as higher 
concentration ratio needs bigger reflector area that can make system expensive 
at testing stage. In order to provide the space for mounting of multi-leg 
homogeniser, a 50 mm x 50 mm square hole is cut in the centre of the primary 
reflector, as shown in the Figure 7.4. Therefore, the net effective area of 
concentrating assembly and the total area of primary reflector are given by 
Equations (7.1) and (7.2), respectively.  
Effective Area of Concentrating Assembly, 4 Cgcon ACRA  (7.1) 
Area of Primary Concentrator HOcon AAd 
2
1  (7.2) 
The parameter d1 gives one of the dimensions of the primary reflector as its 
shape is assumed to be square. The square shape of primary reflector is helpful 
to obtain the compact arrangement of concentrators in a CPV module. The 
value '4' in Equation (7.1) represents the total number of MJCs accommodated 
by the MHCA. Therefore, with the concentration ratio of 165, the size of the 
primary reflector given by Equation (7.1) is 150 mm x 150 mm. It must be 
noted here that the primary reflector is basically a square cut part of the 
circular parabolic reflector, as shown in Figure 7.4. The diameter of the 
corresponding circular primary reflector is equal to the diagonal of the square 
reflector. However, the effective area of the primary reflector is shown by the 
white shaded area in Figure 7.4. Equation (7.3) gives the diameter of the 






11 2dddD     (7.3) 
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In order to design a compact and small system, the overall height of the 
concentrating assembly or primary reflector is kept minimum. The minimum 
effective height of the primary reflector can be achieved when the height or 
depth 't' of the reflector is the same as that of its focal length f1. Therefore, by 
using the equation of parabola, the focal length of the primary reflector is 






















f    (7.4) 
 
Figure 7.4: Schematic for Size Calculations for Primary Reflector 
From Equation (7.3), the value of the D1 is calculated as 21.2132 cm, with 
value of d1 as 15 cm. Therefore, by using Equation (7.4), the focal length of 
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the primary reflector f1 can be calculated as 5.3033 cm. For the development 
and fabrication of the primary reflector, the coordinates of the parabolic 
curvature are given by Equation (7.5) and are shown in Figure 7.5.  
fyx 42    (7.5) 
 
Figure 7.5: Coordinates of the Primary Reflector 
After the design of primary reflector, the second step is to design the multi-leg 
homogniser. The homogeniser design is based upon the assembly of four 
similar units to make a single piece of homogeniser. In the design of 
homogeniser, first the design of single unit of homogeniser is explained, 
followed by the assembly of the complete unit of multi-leg homogeniser. The 
simple design schematic of the multi-leg homogeniser is shown in Figure 7.6, 
showing the 2D-view of the homogeniser with only two outlet aperture shown 
as the design of the homogeniser is symmetrical. The design of the 
homogeniser is divided into two portion: the lower tapered portion that is 
below line 'eb' and the upper tapered portion that is above line 'eb'. The lower 
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tapered portion, as explained before, is designed such that when the incident 
rays are parallel to the concentrator axis, they are uniformly distributed over 
the cell area with edge ray leaving homogeniser outlet at point 'c'. However, 
the upper tapered portion is designed to handle the tracking error when the 
rays are not parallel to the concentrator axis. Here, the design of lower tapered 
portion is discussed first for the case of parallel incident rays.  
 
Figure 7.6: Schematic of Multi-leg Homogeniser Design 
As shown in Figure 7.6, the parallel edge ray 'j' received from the secondary 
reflector, is reflected from the point 'b' of homogeniser. The angle 'θ' or slope 
of the line 'bl' is of great importance here as it should be selected such that the 
edge ray 'j' must leave the homogeniser at point 'c'. The representation and the 
dependence of angles, shown in Figure 7.6, are based upon the trigonometric 
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laws. The line 'bg' is perpendicular to lower tapered side 'bl' and the edge ray 
'j', after being reflected by the side 'bl', according to optics law, makes angle 'θ' 
with perpendicular 'bg'. Therefore, if right angle triangle ∆ckb is considered, 

















ODh   (7.6) 
It can be seen that there are two unknowns 'h' and 'θ' in Equation (7.6). 












h   (7.7) 
By comparing Equations (7.6) and (7.7), the slope 'θ' of lower tapered portion 
of homogeniser is given by Equation (7.8). 
























OD  (7.8) 
The size of the outlet aperture of homogeniser 'OD' is 5.5mm, same as the size 
of MJC. The value of 'ID' is taken as the 16 mm. The value of 'ID' is assumed 
according to the convenience of fabrication but not very small and not very 
large as it will cast shadow on the reflector. Later, it will be shown that the 
value of 'ID' also affects the size of the secondary reflector. Therefore, by 
solving Equation (7.8) with hit and trial for the given values of 'ID' and 'OD', 
the value of slope 'θ' is calculated as 81.33o. The height 'h' of the lower tapered 
portion can now be calculated using Equation (7.7) as 34.43 mm. 
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The lower tapered portion of the homogeniser is designed to accommodate the 
parallel rays. Now, the upper tapered portion of the homogeniser is needed to 
be designed to accommodate the non-parallel rays. The aim of the design of 
the upper taper portion is to accommodate rays with tracking error up to 1
o
. 
From the graphical method, it is found that with small deviation in the incident 
ray, it experiences an increase of 1
o
 angle after being reflected by the primary 
reflector. Moreover, there is a further increase of 2
o
 angle after being reflected 
by the secondary reflector. Therefore, with the incident ray having a tracking 
error or angular deviation of 1
o 
from the axis of concentrator, the angle of ray 
entering the homogeniser has an angle of 4
o
, as graphically shown in Figure 
7.7. Half of the size of multi-leg homogeniser inlet aperture was found to be as 
19 mm, by using the graphical method, to accommodate the tracking error of 
1
o
. Therefore, the rays with angular deviation less than 1
o
, are directed towards 
the outlet aperture of homogeniser by the upper tapered portion. 
After the design of the multi-leg homogeniser, the third and final step in 
design of MHCA is the design and size calculation for the secondary reflector. 
As explained before, the size of the secondary reflector is based upon the inlet 
size 'ID' of the lower tapered portion of homogeniser. Therefore, the focal 
point for secondary reflector can also be found using Equation (7.4) but the 
value of 'D1' is replaced with 'ID' as the depth or height of the secondary 
reflector is also assumed to be the same as its focal length due to primary 
reflector design constraint. Similarly, the coordinates of the parabolic 
curvature of the secondary reflector can also be found using Equation (7.5). 
The maximum value of 'x' is taken as 19mm, half of the size of inlet aperture 
of multi-leg homogeniser. It should be noted that the foci of both of the 
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reflectors must coincide with each other in order to get parallel rays and these 
parallel rays must hit the lower taper portion of the homogeniser for which 
'ID=16mm'. This is the reason that, to calculate the focal point of secondary 
reflector, D1=16mm is used with depth of the reflector taken equal to its focal 
length. Meanwhile, the half of the overall dimension of the  secondary 
reflector is 19mm, the same as the half of the inlet aperture of homogeniser to 
accommodate tracking error. 
 
Figure 7.7: Acceptance Angle Calculation through Schematic of Multi-Leg 
Homogeniser Concentrating Assembly 
The 3D design model of the developed prototype of CPV system with multi-
leg homogeniser concentrating assembly, mounted onto two axis solar tracker, 
is shown in Figure 7.8. The multi-leg homogeniser is placed in the centre hole 
of primary reflector, with four MJCs at its outlet. The secondary reflector is 
mounted in the centre of the primary reflector with the help of aluminium 
extrusions. 
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Figure 7.8: Design Model of Multi-leg Homogeniser Concentrating Assembly 
7.3 Development of Experimental Setup of Multi-leg 
Homogeniser CPV System 
In order to investigate the real field performance of the designed novel multi-
leg homogeniser concentrating assembly (MHCA), the prototype of the CPV 
system is developed based upon the designed 3D model, as shown in Figure 
7.8. To verify the design of the multi-leg homogeniser concentrating assembly 
(MHCA), the developed CPV prototype for concentration ratio of 165 is 
shown in the Figure 7.9. The details of the two axis solar tracker and the 
control box have been explained in Chapter 3. The developed concentrating 
assembly is mounted onto the aluminium frame of the solar tracker. Both 
primary and secondary reflector are fabricated from aluminium block with a 
further coating of aluminium to make the surface quality better. Just like mini 
dish cassegrain CPV system, the primary and secondary concentrators of 
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current concentrating assembly were coated with a layer of silver and SiO2. 
However, the oxidation and peeling of the coating layers were observed. The 
oxidation of the silver coating and the surface quality are shown in the figure 
7.10. Both of the reflectors were then recoated with a layer of aluminium and 
SiO2.  
 
Figure 7.9: Experimental Setup of Multi-leg Homogeniser CPV System 
 
Figure 7.10: Oxidation of Silver Coating 
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The details of the fabricated multi-leg homogeniser concentrating assembly 
(MHCA) is shown in Figure 7.11. The secondary reflector is mounted in the 
centre of primary reflector through mounting plates and aluminium extrusions. 
However, the mounting height was adjusted such that the foci of both 
reflectors coincide with each other . All of the four MJCs were connected in 
series electrical connection, placed side by side to each other. The distance 
between two MJCs was kept the same as the distance between two outlet 
apertures of the homogeniser. The output of the CPV system was supplied to 
MPPT and then to data logger for performance parameters measurements. The 
homogeniser was then placed on the top of the MJC assembly with mechanical 
mounting. The MJCs were attached to heat spreader and heat sink through 
thermal tape, for heat dissipation. In order to measure the back plate or heat 
sink temperature of the CPV assembly, a thermistor type temperature sensor 
was attached to the heat sink. The multi-leg homogeniser is made of four 
similar single pieces of glass rod, according to the design explained in the 
previous section. The development of the multi-leg homogeniser is shown in 
the Figure 7.12. 
The designed multi-leg homogeniser can be made as a single unit using glass 
moulding as glass machining techniques have limitations. However, for 
prototype purpose, the glass moulding is not the option due to high cost of 
mould. Therefore, the homogeniser was fabricated first in four separated 
pieces, which were then joined together as one unit. UV cured optical glue 
was used to join all the four pieces. The blue light shown is the UV light to 
cure the glue. In addition, N-BK7 glass material was used for the fabrication 
of current homogenise. 
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Figure 7.11: Development of Multi-leg Homogeniser Concentrating Assembly 
 
Figure 7.12: Development of Multi-Leg Homogeniser 
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In order to calculate the system efficiency, same performance equations were 
used related to CPV experimentation, as discussed in Chapter 5. The CPV 
system considered here is based upon CPV module and MPPT. The system 
parameters were calculated and recorded on a spread sheet file using the same 
developed LabVIEW program.  
7.4 Results and Discussion 
The performance of the developed multi-leg concentrating assembly (MHCA) 
was first evaluated using ray tracing simulation to verify the design and 
uniformity of ray distribution at the outlet apertures of multi-leg homogeniser. 
The model of the multi-leg homogeniser concentrating assembly was 
developed in TracePro for ray tracing simulation, as shown in Figure 7.13. In 
order to simulate the concentrating assembly, a square grid source was used as 
the primary reflector is also in square shape. The ray tracing simulation of the 
concentrating assembly was first carried out for parallel rays and secondly for 
the rays with solar subtended angle. The ray tracing simulation results of the 
multi-leg homogeniser concentrating assembly for parallel rays are shown in 
Figure 7.14, with the irradiance maps to show the distribution of rays at the 
four outlets of the homogeniser. As can be seen from the simulation results, 
the parallel rays after being reflected by the secondary reflector, become 
parallel again which are then separated and concentrated onto four MJCs. 
According to the design, it can also be seen that all of the parallel rays are 
hitting at the lower taper portion of the homogeniser. In addition, rays can also 
be seen equally and uniformly distributed at the four outlets of the 
homogeniser.   
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Figure 7.13: TracePro Model of Multi-leg Homogeniser Concentrating 
Assembly 
 
Figure 7.14: Ray Tracing Simulation of Multi-leg Homogeniser Concentrating 
Assembly with Parallel Rays 
In Figure 7.15, the ray tracing simulation of the concentrating assembly is 
shown with the incident rays having solar subtended angle. In actual field 
operation, the solar radiation are not parallel due to finite distance of sun from 
the earth, and the rays subtend a certain angle with axis of the concentrator. 
From the simulation results, it can be seen that the rays are still perfectly 
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distributed among all the four outlets of homogeniser and uniformly 
concentrated over the outlet apertures of the homogeniser. However,  it can be 
seen that the rays, after being reflected by the secondary reflector, hit the 
upper taper portion of the homogeniser, which is designed to accommodate the 
tracking error or non-parallel rays. The rays with the subtended solar angle are 
non-parallel to the concentrator axis and that is why they are hitting the upper 
taper portion of the homogeniser, which further guides them towards the outlet 
of homogeniser.  
 
Figure 7.15: Ray Tracing Simulation of Multi-leg Homogeniser Concentrating 
Assembly with Solar Ray Angle 
To analyze the real outdoor field performance of the developed multi-leg 
homogeniser CPV system, the experiment was conducted under the tropical 
weather of Singapore at rooftop of NUS EA-building. The system was 
operated for whole day and the performance parameters of the CPV system 
were recorded at an interval of one second. The CPV system efficiency 
variation against the received DNI for whole day operation, is shown in Figure 
7.16. From the experimental results, it can be seen that the maximum 
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efficiency of 15% is achieved by the developed multi-leg homogeniser CPV 
system. But the average efficiency is around 14% during operation. This CPV 
efficiency is slightly lower than the mini dish cassegrain CPV system, while 
having the same reflective coating. The main reason of lower efficiency is due 
to lower concentration ratio, as the multi-junction solar cell operates at 
comparatively lower efficiency at lower concentration. It must be noted that 
the MHCA has concentration ratio of x165, while for mini dish cassegrain 
CPV system, it is x496. 
The total power output of the CPV system, with total voltage output, is shown 
in Figure 7.17. It can be seen that the power output is proportional to the DNI 
received; it increases with increase in the DNI and vice versa. However, with 
the increase in power, the total voltage output decrease as at higher DNI, the 
maximum power point voltage reduces. The maximum power output achieved 
from the system is around 2W. As the MJCs are connected in series, the same 
amount of current flows through each of the solar cell. From the ray tracing 
simulation result, the equal and uniform distribution of the concentrated rays 
have already been seen at the outlet of the homogeniser. However, in order to 
verify the distribution of power and voltage among four MJCs during whole 
day operation, the power and voltage output curves of each of the four MJCs 
are shown in Figures 7.18 and 7.19.  
It can be seen that both the voltage and power output of each of the MJC are 
almost equal for whole day operation. This gives the experimental verification 
of the equal distribution of the solar energy among the four MJCs using single 
set of concentrators, which was the main motive for development of current 
multi-leg homogeniser concentrating assembly (MHCA). 
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Figure 7.16: Efficiency Curve for Multi-leg Homogeniser CPV System 
 






Figure 7.18: Power Output for Each Individual Cell of Multi-leg Homogeniser 
CPV System 
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Figure 7.19: Voltage Output for Each Individual Cell of Multi-leg 
Homogeniser CPV System 
The performance of the developed CPV system is investigated through 
simulation either for parallel rays or for rays with solar subtended angle and 
experimentally where the tracking accuracy is only 0.3
o
. However, another 
important aspect of the concentrating assembly is its acceptance angle. As 
explained before, the acceptance angle is represented by the normalized power 
output curve. It also helps to decide the tracking accuracy suitable for that 
particular concentrating assembly. The simulated and experimental normalized 
power output curves for the multi-leg homogeniser CPV system, against the 
angular deviation with constant output load, are shown in Figure 7.20. It can 
be seen that there is a good agreement of simulated and experimental 
normalized power curves until point 'A', i.e. at 1.4
o
 tracking error. However, 
almost 100% of the maximum power is achieved within tracking error of 1
o
. 
Beyond angular deviation of 1
o
, both simulated and experimental curves start 
to drop, indicating ray loss. However, there is a sudden drop in the 
experimental curve as compared to the simulated curve. After point 'A', the 
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experimental curves propagate in steps, while there is a gradual drop in the 
simulated curve. 
In order to investigate the varying trends of the simulated and experimental 
normalized power curves, the irradiance map at all the four outlet apertures of 
the homgeniser, against the specific mentioned points are shown in Figure 
7.21. The irradiance maps are obtained from ray tracing simulation of the 
developed MHCA. Before discussion, it is worth mentioning here that the 
simulated curve is based upon the total flux at outlet apertures of the 
homogeniser. However, the experimental curve is based upon the actual 
electrical power output of the CPV system at constant output load. From the 
irradiance maps at point 'A' in Figure 7.21(A), it can be seen that the Cell 3 
and Cell 4 are under shadow. The solar cell under shadow operates with lower 
performance. This justifies the sudden drop of the experimental curves after 
point 'A' as Cell 3 and cell 4 come under shadow. And when the angular 
deviation goes beyond point 'A', they pulls down the overall power output of 
the system as all four MJCs are connected in series.  
 
Figure 7.20: Normalized Power Output Curves for Multi-leg Homogeniser 
CPV System 
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Furthermore, it can also be seen that the normalized power output moves 
steadily at 52%, through points B,C and D. From the irradiance maps, it can be 
seen that at all these point, Cell 3 and Cell 4 are under complete shadow, 
which means that only two cells are operating at these points. However, it 
does not mean that the total radiation flux is also reduced to 50%, which can 
be seen from the simulated curve. The main reason for lower electrical power 
output is due to shift of maximum power point and pulling effect from cells 
under shadow. The experimental curve again starts to drop after point "D" as 
now Cell 1 and Cell 2 are coming under shadow, shown in Figures 7.21(D) 
and 7.21(E). 
The performance data of the developed CPV system in terms of daily power 
output, daily solar input and overall daily DNI efficiency, is shown in Table 
7.2. The electrical rating is based upon daily power output projected for one 
year. The data shown here is based upon the system operation under different 
weather conditions, i.e. clear sky and cloudy conditions. As concluded in the 
previous chapter, the average efficiency is more effective to analyze the true 
system performance than the instantaneous system efficiency as it changes 
continuously throughout the day. It can be seen that the average efficiency of 
the developed CPV system is varying at around 11%. But the overall average 
efficiency of 10.57% is recorded for the set of experiments mentioned in Table 
7.2, although the instantaneous efficiency is around 15%. In order to estimate 
the system performance for high and low DNI regions and for systems with 
different average efficiencies, a graph is plotted between daily electrical rating 
and yearly DNI received, as shown in Figure 7.22.  
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Figure 7.21: Simulated Irradiance Map at Each Cell Outlet of Multi-leg 
Homogeniser at Different Parallel Ray Deviation Angles 
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1 14371.65 1457.13 9.83 44.28 3.04 
2 6034.80 611.86 13.83 62.32 10.19 
3 6719.27 681.26 15.42 69.48 10.20 
4 21502.40 2180.10 52.31 235.70 10.81 
5 10419.86 1056.46 24.32 109.60 10.37 
6 19429.16 1969.90 46.22 208.26 10.57 
7 18858.67 1912.06 45.26 203.96 10.67 
8 11587.55 1174.85 27.30 123.03 10.47 
9 1795.16 182.01 3.53 15.89 8.73 
10 24338.01 2467.60 60.50 272.61 11.05 
11 19509.75 1978.07 48.55 218.78 11.06 
12 25356.25 2570.84 63.09 284.27 11.06 
13 23470.92 2379.69 59.05 266.08 11.18 
14 21201.88 2149.64 51.78 233.32 10.85 
15 19751.69 2002.60 49.50 223.04 11.14 
16 19725.04 1999.90 50.03 225.44 11.27 
17 20113.67 2039.30 52.27 235.55 11.55 
18 16361.74 1658.90 42.12 189.80 11.44 
Overall Average Efficiency 10.57 
 
Figure 7.22: Electrical Rating of Developed CPV System against Total 
Available DNI 
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This graph is similar to the electrical rating graph discussed in the previous 
chapter. It can be seen that the experimental data is regressed with average 
efficiency of 11.01%. However, high efficiency systems can be designed with 
higher concentration ratio and optical efficiency. By knowing the 
corresponding average efficiency curve, the output of the developed system 
can be truly estimated in low or high DNI regions if annual average received 
DNI is known.  
7.5 Summary 
In this chapter, a novel multi-leg homogeniser concentrating assembly 
(MHCA) is proposed, designed and developed for CPV applications. As 
compared to the conventional CPV concentrating assembly design that uses 
single concentrator for single MJC, the proposed design is able to use single 
set of concentrators to concentrate solar radiations onto four MJCs. As a 
result, this can further help to lower the cost of the CPV system with less 
number of concentrators  
The design of the MHCA is discussed based upon three steps. First step is the 
design of primary reflector according to the required concentration ratio of 
x165 and with the parabolic reflecting curvature. The primary concentrator is 
designed in square shape for compact system design with lowest effective 
focal length. After the design of primary concentrator, the second step is the 
design of the multi-leg homogeniser. The design of homogeniser is based upon 
the design of one single piece, then joined together as complete unit of multi-
leg homogeniser. The homogeniser design has two tapered portions. The lower 
tapered portion handles the parallel rays and guides them according to the 
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design; while the upper tapered portion is designed to handle the tracking error 
or non-parallel rays. Based upon the inlet aperture size of the multi-leg 
homogeniser, the size of the secondary reflector was selected and designed 
with parabolic reflecting surface using same design equations as that of the 
primary reflector. However, the foci of both of the reflectors must coincide 
with each other to get the parallel concentrated rays.  
Based upon the designed MHCA, a CPV prototype was fabricated to 
investigate its performance in real field. Both reflectors were made and coated 
with aluminium. All the four pieces of multi-leg homogeniser were joined 
together as a complete unit, using UV cured optical glue. The system 
performance was first investigated using ray tracing simulation in TracePro. 
The rays were observed to be distributed uniformly and equally at outlet 
apertures of the homogeniser. To verify the design and simulation results, the 
system was experimentally investigated for whole day operation. Maximum 
efficiency of 15% was recorded with average daily efficiency of 11%. Equal 
power output of all four MJCs was recorded for whole day operation. From 
the normalized power output graph, the concentrating assembly was found to 
have an acceptance angle of 1
o
. 
The multi-leg homogeniser CPV system is designed and investigated through 
simulation and experimentation. The proposed system is believed not to only 
simplify the system assembly, but also to lower the overall cost of the system 
as less number of concentrators are needed for same capacity of the system. In 
the next chapter, the methodology regarding the standalone operation of CPV-
Hydrogen system will be discussed. 
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Chapter 8: Design Optimization and Energy 
Management of Concentrated Photovoltaic (CPV-
Hydrogen) System using micro Genetic Algorithm for 
Standalone Operation 
8.1 Introduction 
In the previous chapter, the performance of the CPV system is analyzed for the 
production of the hydrogen along with the significance of hydrogen as energy 
storage. The main need of the energy storage system is due to the intermittent 
nature of the solar energy caused by the cloud cover in the day time and its 
unavailability during the night time. In Chapter 5, only the potential of 
hydrogen production using CPV system is investigated. However, for 
operation of any solar energy system, energy storage as energy backup is 
compulsory for the steady uninterrupted power supply or for off-grid 
operation. Excess energy produced at the time of the low energy demand is 
stored and then supplied back when the produced power by the solar energy 
system is not enough to meet the energy demand. For this purpose, there is a 
need for the system design to be optimized such that the system has enough 
capacity to produce enough stored energy for continuous power supply to the 
load at lowest overall cost (investment and operational) of system. This 
requires a design modeling and optimization of energy system with respect to 
size of system, its control strategies and economics. In literature, there are 
many optimization techniques developed for the standalone operation of PV, 
using hydrogen production as energy storage. However, for the standalone 
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operation of the concentrated photovoltaic (CPV) system, the most efficient 
system among all the photovoltaic technologies, there is no optimization 
algorithm or tool and energy management technique discussed in the 
literature. 
There are some commercial tools also developed for the design optimization 
and the simulation of the renewable energy systems. One of the most popular 
commercial tools is HOMER (Hybrid Optimization of Multiple Energy 
Resources), which is developed by the NREL (National Renewable Energy 
Laboratory) USA, for design, simulation and optimization of the renewable 
energy system and hybridization with other power production or energy 
storage systems. Similarly, another commercial tool iHOGA (improved 
Hybrid Optimization by Genetic Algorithms)  is developed by the University 
of Zaragoza, which also provides the different algorithm and design strategies 
related to the design and optimization of the renewable energy systems. Both 
of these commercial tools, HOMER and iHOGA, only consider conventional 
photovoltaic (PV) systems for the optimization and simulation analysis 
[136,137]. However, none of these tools considers CPV for system analysis. 
Another tool TRNSYS is developed only for the simulation of renewable 
energy systems, but without optimization. By combining TRNSYS with 
HYDROGEMS libraries, developed at IFE, the renewable energy systems 
alone or hybrid systems can be optimized but still the analysis is limited to the 
PV system only. There are many other commercial tools developed like 
HYBRIDS2, SOLSIM, RAPSIM, ARES and SOMES. However, all of these 
tools can only be used to simulate renewable energy system without 
optimization and even for simulation, only PV system can be analyzed, 
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without CPV consideration [138]. A summary of the commercial renewable 
energy analysis tools is shown in table 8.1. 
Table 8.1: Comparison Summary of Renewable Energy System Simulation 
and Optimization 







x x x No 
iHOGA
[137] 
x x x No 




x x x No 
HYBRIDS2
[138]
  x x No 
SOLSIM
[138]
  x  No 
INSEL
[138]
  x  No 
ARES
[138]
  x  No 
SOMES
[138]
  x  No 
RAPSIM
[138]
  x  No 
 
Because of the highest solar energy conversion efficiency, the concentrated 
photovoltaic (CPV) system is of the main interest for the future research. On 
the other hand, it can be seen that there is no optimization and design 
algorithm discussed in the literature and all commercial tools are also lacking 
for CPV system consideration for design and optimization analysis. The main 
aim of this chapter is to develop the design model and optimization algorithm 
with the control strategies for the standalone operation of the CPV system with 
the hydrogen production as energy storage. For the developed technique, the 
multi-variable design and multi-objective optimization strategy is proposed 
with the techno-economic analysis of the overall CPV-hydrogen system. The 
CPV-Hydrogen system is optimized with regards to its size for zero PSFT 
(power supply failure time) and optimum state of the energy storage with 
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minimum overall system annual cost. As discussed in chapter 6, most of the 
CPV performance prediction models are not reliable to be used for 
performance prediction considering all details of the system. Therefore, a CPV 
performance model is also proposed based upon the CPV system basic 
parameters and cell characteristics using the actual weather data and then the 
results are verified with the electrical rating discussed in the previous paper.  
Besides optimized design, the chapter also discusses the simulated long term 
performance of the individual system of the CPV-Hydrogen, using the weather 
data of the Singapore. 
8.2 CPV-Hydrogen System Description 
The schematic of the proposed CPV-Hydrogen system considered for the 
optimization of the standalone operation simulation is shown in the Figure 8.1. 
The concentrated photovoltaic (CPV) system is consisting of the CPV 
modules utilizing multi-junction solar cells (MJCs). The CPV modules are 
installed onto the two axis solar trackers, which are one of the main 
component of the CPV system as the concentrators need to face towards the 
sun all the time. For the analysis, the CPV module of any type can be 
considered; It can be either Fresnel lens based refractive type CPV module or 
Mini Dish based Casegrain reflector type CPV module. The performance 
model of the CPV system only considers the solar concentration at the cell 
area, regardless of the type of the concentrator. The output of each of the CPV 
system is connected to a MPPT (maximum power point tracking) device to 
ensure the CPV operation at maximum power or efficiency point . The DC 
output power of each of the CPV system is fed into the main DC line at a 
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certain voltage through DC/DC converter. All of the other components of the 
CPV-Hydrogen system, either power producing or power consuming, are 
connected to this main DC line, directly or directly for power exchange.  
 
Figure 8.1: Schematic of CPV-Hydrogen System for Standalone Operation 
The power required for the operation of the two axis solar trackers is also 
supplied from the main DC line. The primary objective of the current CPV-
Hydrogen system optimization is to have uninterrupted electric (AC) power 
supply to the consumer load. This load is also connected to the main DC line 
through AC/DC converter. The power to the solar trackers and consumer load, 
is supplied at first priority. Then the excess power produced by the CPV 
systems is supplied to the electrolyser for the production of the hydrogen and 
oxygen for energy storage purpose. The produced hydrogen is further 
compressed through mechanical compressor and stored into the storage tanks. 
The compressor is also powered from the CPV systems via the main DC line 
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through AC/DC converter. If the supplied power from the CPV is not enough 
to meet the consumer load requirements, the power deficit is covered through 
the stored energy, i.e. by the power supplied from the fuel cell that utilizes the 
hydrogen and oxygen gases.  
8.3 Development of Performance Model for CPV-Hydrogen 
System 
The performance model developed for the optimization of CPV-Hydrogen 
system, is based upon the performance model of each of the subsystems. All 
of the individual components of the CPV-Hydrogen system are linked with 
each other according to the energy management flow chart, as shown in Figure 
8.2. The input for the current system simulation and the optimization is the 
weather data that is taken in the form of the direct normal irradiance (DNI). 
The main reason for the consideration of only DNI data is because of the fact 
that, unlike the conventional stationary PV systems, the CPV system can only 
accept the beam components of solar radiations. The DNI input is used to 
calculate the concentration at cell area. Therefore, by knowing the size of the 
concentrator, optical efficiency of concentrating assembly, performance 
characteristics of the MJC and total number of the CPV systems, the total 
power output of the CPV system can be determined at certain DNI input.  
Hourly electric load profile is another input parameter to the current system 
simulation, according to which the system will be optimized. The power 
requirement of the solar trackers and the hydrogen compressor is the other 
timely system load that is also considered with the total electrical load 
requirements. If the power supplied by the CPV systems is in excess, it is 
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supplied to the electrolyser, and the electrolyser model is then used to 
calculate the production of hydrogen and oxygen. Similarly, in case of the 
power deficit, the fuel cell model is used to calculate the consumption of 
hydrogen and oxygen according to the power deficit. The water tank is 
connected in loop to both the electrolyser and the fuel cell as the water 
consumed by the electrolyser is replenished by the water production from the 
fuel cell.  
 
Figure 8.2: Energy Management Flow Chart for Proposed CPV-Hydrogen 
System 
8.3.1 Direct Normal Irradiance (DNI) Weather Data 
As mentioned before, the DNI is used as the input weather data for current 
simulation and optimization, and it is based upon the real solar beam radiation 
data collected at the rooftop of EA-Building of National University of 
Singapore for one year period from September 2014 to August 2015. The data 
was collected using Eppley Pyrheliometer mounted onto two axis solar tracker 
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and at an interval of one second. The summary of the weather data in the form 
of the beam solar energy is shown in the figure 8.3. Other weather parameters 
like the ambient temperature and the global radiations are obtained from the 
National Environment Agency (NEA) Singapore [134]. The summary of these 
parameters, along with the monthly percentage of beam radiations received, is 
also shown in Figure  8.3. The shown data is the same as used for the electrical 
rating analysis. 
 
Figure 8.3: Summary of Monthly Solar Energy Received by Singapore 
8.3.2 Electrical Load Profile 
The consumer electrical load profile for which the CPV-Hydrogen system is 
optimized for standalone operation is shown in Figure 8.4. This electrical load 
profile is obtained from Energy Market Authority (EMA) Singapore [139], at 
an interval of 30 minutes. The electrical load profile provided by the EMA is 
basically for whole country, in megawatt units. However, for current 
simulation, a part of the total electrical load is considered with the same trend 
of the electrical profile, extracted for 2
nd
 February, 2015. However, the units 
are taken in watts with the same numerical value, instead of megawatt. 
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Furthermore, the electrical load profile is considered to be same throughout 
the yearly operation as the hourly change in the load is minimum. 
 
Figure 8.4: Part of Electrical Load Profile of Singapore with 30 minutes 
internal 
8.3.3 Concentrated Photovoltaic (CPV) System 
The concentrated photovoltaic (CPV) model considered in this paper is based 
upon the multi-junction solar cell (MJC) characteristics and Equation (8.1) 































The solar cell current "IC" in the above equation is given by the simple diode 
model for the solar cell but operating under concentration [141]. The constant 
parameter related to Equation (8.1) are given in Table 8.2. 
Table 8.2: Parameters for Diode model for Solar Cell Under Concentration 
Symbol Parameter Description Value 
q Elementary charge [Coulomb] 1.6021765x10
-19
 
k Boltzman's Constant 1.3806488x10
-23
 
n Diode ideality factor for concentrated solar cell  2 
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From the definition of open circuit voltage V=VOC and I=0, the diode 


























Figure 8.5: Variation of Cell Open Circuit Voltage (VOC) with Concentration 
and Temperature 
 
Figure 8.6: Variation of Cell Short Circuit Current (ISC) with Concentration 
and Temperature 
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The two most important parameters affecting the performance of MJC are 
solar concentration at the cell area and the temperature of the cell. Therefore, 
in order to accurately predict the performance of MJC, the temperature and 
concentration characteristics of the InGaP/InGaAs/Ge MJC are employed by 
Arima Photovoltaic and Optical Corporation. The characteristic curves for the 
MJC under consideration, are shown in Figures 8.5 to 8.8. From the data, it 
can be seen that the trend of VOC variation is logarithmic against the 
concentration. However, short circuit current "ISC" is directly proportional to 
the concentration at the cell area. Therefore, if the variation trend of the 
parameters is known at 25
o
C with the temperature coefficients at different 
solar concentration, then the parameters VOC and ISC can be found at any 
temperature and concentration using Equations (8.3) and (8.4).  
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(a) (b) 
Figure 8.7: Multi-junction Cell (a) Short Circuit Current (b) Open Circuit 
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(a) (b) 
Figure 8.8: Temperature Coefficients of Multi-junction Cell (MJC) against 
Concentration (a) Short Circuit Current (b) Open Circuit Voltage 
The cell temperature for the current analysis is assumed to be 40
o
C higher than 
the ambient temperature data, obtained from the weather department, as the 
temperature of the solar cell can be approximated 10
o
C above the back plate 
temperature [142] and the temperature of the back plate is assumed to 20-30
o
C 
higher than the ambient temperature. By using the concentrator area, optical 
efficiency of concentrating assembly and the direct normal irradiance (DNI), 







DNIC   (8.5) 
For the efficient operation of the solar cell, there is a need to operate it at its 
maximum power point. The model for maximum power point tracking device 
can be obtained by taking the first derivative of the MJC power function and 










































  (8.7) 
Chapter 8 
Page | 220  
By taking the derivative and simplifying the expression, the MJC cell voltage, 
cell current and the cell power at the maximum power point can be found from 












































mpptmpptmpptmppt VIP    (8.10)
 
Therefore, by using the power and the efficiency functions, the total power 
output of the CPV system can be found by using Equation (8.11). 
CPVCMmpptTrCDCACDCCPV NPNPP   /  (8.11) 
Where NCM represents the maximum number of the cell in a single CPV panel, 
which are considered as 25 for the current CPV system with a 5x5 array of the 
concentrators as the CPV panels are available in various sizes of concentrators 
like 4x4, 4x5 and 6x6 [143,144]. The values of the constant parameters 
appearing in Equation (8.11), are given in Table 8.3. The power requirement 
of two axis solar trackers is only considered during diurnal period, from 
sunrise to sunset, and the sunrise and sunset timings can be found using the 
solar geometry described in [112]. Regarding the optical efficiency of the 
concentrating assembly, most of the available CPV panels offer module 
efficiency of 29-30% while equipped with 40-41% efficient MJCs, which 
gives an optical efficiency of about 72-73% [144]. On the other side, for 
PMMA based Fresnel lens concentrators, the material transmittance varies 
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from 90-50% over the whole solar spectrum with an average of 80% 
transmittance efficiency. Moreover, about 92% is the reflective efficiency of 
the incident radiations at the inlet of the lens aperture [145]. Further 1% 
optical loss can be assumed to be at homogeniser due to material absorbance 
and the surface reflectance. 
The comparison of the developed MJC model with the experimentally 
measured MJC efficiency, is shown in Figure 8.9. 
 
Figure 8.9: MJC efficiency Experimentally Measure and Simulated 
Table 8.3: Parameters for Concentrated Photovoltaic (CPV) System 













 95% NCM 25 
8.3.4 Electrolyser 
For the current system analysis, the alkaline electrolyser was considered for 
which the cell characteristics are provided by [152]. For the single cell of 
alkaline electrolyser, the IV characteristics can be found by using Equation 
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(8.12). The electrolyser is assumed to be operated at steady thermal condition, 
at a temperature of 80
o
C. The constant parameters related to Equation (8.12) 










































Table 8.4: Performance Parameters for Electrolyser Model
 
Symbol (Units) Values Symbol (Units) Values 

























































The amount of the hydrogen and oxygen produced by the electrolyser is based 
upon the amount of current flowing through the electrolyser cell and the 
Faraday efficiency. As the water molecule contains two atoms of hydrogen 
and one atom of oxygen, so the hydrogen production rate is double than the 
oxygen production rate. The hydrogen and the oxygen production can be 
calculated by using Equations (8.13) and (8.14) and their constant parameters 
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Table 8.5: Parameters for Faraday Efficiency of Electrolyser 
Symbol (Units) Values Symbol (Units) Values 














C) -0.0555 a7  0 
a4  0 nE 2 
F (As/mol) 96,485 - - 
The size of electrolyser is the main design parameter in current CPV-
Hydrogen system optimization, that is needed to be determined in terms of the 
total number of electrolyser cells. The required number of the electrolyser 
cells can be calculated using Equation (8.15). The size of the electrolyser or 
the number of required electrolyser cells depend upon the maximum excess 
power available, that is the difference between maximum CPV power 
produced and the minimum load requirement. For currently considered 
alkaline electrolyser cells, the maximum cell voltage is 1.8V and the 
maximum current drawn is 750A. Moreover, the maximum rated power of the 
MJC is 5W, which is the rated power that most of the commercial MJC offers. 
It is assumed that the electrolyser cells are connected in series such that the 
























  (8.16) 
The Pexcess is the excess power supplied to electrolyser after fulfilling the total 
load requirements, the consumer electric load and the system load (CPV 
tracker and hydrogen compressor power requirements). 
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8.3.5 Fuel Cell 
The PEM (Proton Exchange Membrane) fuel cell considered for the current 
system analysis is discussed in [152]. The fuel cell consumes the hydrogen 
and the oxygen for power production and like the electrolyser, the 
consumption of hydrogen is double than the oxygen. The rate of the hydrogen 
and the oxygen consumption depends upon the current supplied by the fuel 
cell and its faraday efficiency. For current fuel cell system, the faraday 
efficiency is assumed to be 0.7. The rate of the hydrogen and oxygen 









   (8.17) 
Equation (8.18) gives the IV characteristics of the single cell of PEM fuel cell. 
The constant parameters for Equation (8.18) are given in Table 8.6. The active 


























bUU log   (8.18) 
Table 8.6: Performance Parameters for Fuel Cell Model 
TF = 70 
o
C TF = 35 
o
C 
Symbol (Units) Values Symbol (Units) Values 
Uo (mV) 1065 Uo (mV) 1049 
b (mV/dec) 80 b (mV/dec) 108 
R (Ω/cm) 0.438 R (Ω/cm) 0.412 
 
Similar to the design of electrolyser, the size of the fuel cell, in terms of the 
number of cells connected in series, is the main design parameter that is 
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needed to be optimized for the current system analysis. The number of the 
required cells depends upon the maximum load requirement of the system that 
is the consumer electric load during the system operation. For PEM fuel cell 
under consideration, the maximum power produced by single cell is 114.6W. 
Therefore, the total number of cells required to fulfill maximum power deficit 











  (5.19) 
The current flow provided by the fuel cell depends upon the power deficiency, 
Preq the power that CPV system is unable to provide to the consumer load and 









/   (8.20) 
8.3.6 Hydrogen Compressor 
The excess electrical energy produced by the CPV system is stored in the form 
of the hydrogen and oxygen, by using electrolyser. The produced hydrogen is 
compressed and stored in storage cylinders as the mechanical compression 
provides a reliable and suitable solution. However, the oxygen is stored at its 
produced pressure without any compression. The power consumed by the 
mechanical compressor depends upon the inlet pressure and the pressure at 
compressor outlet i.e. storage tank pressure. The power consumed by the 
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The details of the parameters appearing in the equation (8.21) are provided in 
Table 8.6. The flow rate of the hydrogen through the compressor is the same 
as the rate of hydrogen production from electrolyser. In addition, the 
compressor operating temperature "Tcom" and the electrolyser operating 
temperature "TE" are assumed to be the same because the gas being 
compressed is coming directly from the electrolyser. The parameters "PE" and 
"Pta" are the operating pressure of the electrolyser and pressure of the 
hydrogen storage  tank, which are pressures at the compressor inlet and outlet 
respectively. 
Table 8.7: Parameters for Faraday Efficiency of Electrolyser
 
Symbol (Units) Values Symbol (Units) Values 
MH2 (g/mol) 2.0159
 ηDC/AC (%) 90 
CPH (J/kg.K) 14304 ηcom (%)
[153] 
70 
Tcom (K) 306 r 1.4 
8.3.7 Hydrogen Storage Tank 
For storage of hydrogen in the storage tanks, the model is developed using the 











The pressure in the storage tank is directly proportional to the amount of the 
gas stored in the tank. The compressibility factor considered for the hydrogen 
"ZH", is based upon the real gas pressure data at the constant tank volume of 
3.34 m
3
 and at the constant temperature of 33
o
C [154]. Figure 8.8 shows the 
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variation of the compressibility factor of hydrogen against the total number of 
moles of gas in the storage tank. From the curve fitting, the compressibility 
factor against the number of moles of hydrogen is given by Equation (8.23). 
1103154.4105012.3 5
211   HHH nnZ   (8.23) 
 
Figure 8.10: Compressibility Factor for Hydrogen Storage 
By substituting the hydrogen compressibility factor "ZH" into Equation (8.21), 
the pressure of hydrogen storage tank  against the number of moles of 
hydrogen is given by Equation (8.24). 
HHHH nnnP 7476.7610032872.010666.2
238     (8.24) 
8.4 Objective Function and Optimization Criteria 
The main objective of the current system optimization is to find out the 
optimum size and configuration of each of the components of the proposed 
CPV-Hydrogen system such that there is zero power supply failure time 
(PSFT) at minimum total cost of the overall system. The Power Supply Failure 
Time (PSFT) is a time factor in seconds or hours for which the current system 
configuration is failed to fulfill the total load requirements, including both 
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system and consumer load. The PSFT factor is calculated during the system 
simulation by summing up the time during power supply failure. This criteria 
of zero PSFT factor has been given the first priority in the optimization 
algorithm and in order to proceed to the second criteria, this criteria has to be 




   (8.25)
 
Where tPF is the time, taken in seconds or hours, when the storage is not 
enough to meet the load requirements. 
Furthermore, it is also assumed that at the start of the simulation the storage 
tanks are already filled with certain amount of the storage mediums. In 
addition, the system is also assumed to operate in cyclic manner, according to 
the system performance of the first year. Therefore, after each of the 
simulation cycle, the state of the storage must be in a certain range of the 
initial state of storage i.e. before start of the simulation. The second objective 
function considered for current system optimization is given by Equation 
(8.26). 
21 )(2)(2 LSTSTL iHfH    (8.26)
 
During the simulation, only the state of the hydrogen tank is verified as the 
state of storage tanks of the other storage mediums is linked with the hydrogen 
storage tank. Based upon the second optimization criteria given by Equation 
(8.26), the difference between the state of storage tanks before and after the 
simulation cycle must be within certain limit range. This criteria must be 
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fulfilled for cyclic operation of the system, to ensure that the storage is enough 
for next year operation. The parameters L1 and L2 represents the upper and 
lower limit of the storage difference and STH2(f) and STO2(i) represents the state 
of the storage of hydrogen tanks before and after the simulation cycle 
respectively. Therefore, for the current CPV-Hydrogen system optimization, 
the values of the L1 and L2 parameters are taken as -10 and 35 respectively. 
The lower limit of -10 is selected to be minimum because it is expected for the 
state of storage tanks to restore to their initial state. This limit is necessary as 
in the multi-objective optimization, it is difficult to restore to exactly the same 
value. However, for upper limit a higher value of 35 is selected with the 
intention to have extra storage in order to uncertain weather changes that may 
occur in the coming years of system performance as the storage of 30-35 kg is 
enough to handle 10-12 days of cloudy weather, which can be seen in the 
results section. 
The third and the most important optimization criteria is related to the 
economic analysis of proposed CPV-Hydrogen system, in terms of the 
minimum overall cost of the system. Equation (8.27) gives the overall system 
cost function considering the investment cost, yearly operation and 
maintenance cost and replacement cost if any. For the overall system cost, the 
lifetime period of the whole CPV-Hydrogen system is taken as 20 years, 
which is mostly taken for lifetime of most of the PV systems design [25]. So 
the cost of the individual components with their operational and maintenance 
(O&M) cost and replacement cost with replacement period, are given in Table 
8.8 [155-157].  
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comSTOSTHFCELCPVAT CCCCCCC  22   (8.27) 
  CRFOMCCCPNNPC CPVCPVMJCCMCPVCPV  )( max,   (8.28) 
    CRFOMCSPPWRCCCPNC ELELELELECEL  )( max,        (8.29) 
    CRFOMCSPPWRCCCPNC FCFCFCFCFCFC  )( max,       (8.30) 
  CRFOMCCCSTMC STHSTHHSTH  2222  (8.31) 
  CRFOMCCCSTMC STOSTOOSTO  2222  (8.32) 
  CRFOMCCCPC comcomcomcom   (8.33) 
Table 8.8: Cost Parameters for Individual Components of CPV-Hydrogen 
System
 





2.62 $/WP 2.125% of 
CC 
N.A. N.A. 
Electrolyser 3.774 $/W 2% of CC 0.777 $/W 10 years
[158] 
Fuel Cell 2.997 $/W 2% of CC 0.888 $/W 10 years
[159] 
Hydrogen Storage 666 $/kg 2% of CC N.A. N.A. 









Equations (8.34) and (8.35) give the capital recovery factor (CRF) and the 
single payment present worth (SPPW) factor used for calculation of yearly 
O&M cost and one time replacement cost. For economic analysis, the interest 
rate is taken as 6% [160]. 
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It should be noted that the cost for the water storage is not considered in the 
overall cost function of the system due to negligible effect as compared to the 
other parameters cost. Moreover, the cost related to the two axis solar tracker 
and voltage converters i.e. DC/DC and DC/AC is assumed to be included in 
the cost of their respective individual components. 
8.5 Optimization Method and the Implementation of micro 
Genetic Algorithm 
The multi-objective optimization requires some searching algorithm to find 
the optimal solution of the given problem. For that purpose, it is necessary to 
select a reliable optimization algorithm which is simple to implement and 
takes less computational power and time. There are many algorithms 
developed in the literature with the performance comparison, regarding the 
multi-objective optimization. The genetic algorithm (GA) is proved to be the 
simple but reliable optimization algorithm, which can even effectively handle 
non-linear and mixed integer problems of complex engineering systems. The 
GA methodology is based upon the concept of nature evolution [161,162]. 
However, there are many other optimization algorithms developed which are 
claimed to be as effective as GA, like  particle swarm optimization (PSO) 
technique which is appearing to be the competitor of GA by offering the same 
optimal solution. Currently, there is no benchmark regarding the performance 
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comparison and limitations of the PSO against the GA as the searching criteria 
for both of the algorithms is different [163,164]. There are some of the studies 
claiming to find as efficient solution from PSO as GA but with faster 
convergence towards the optimal solution [165,166]. On the other hand, a lot 
of studies show that the better performance of the PSO is only under certain 
conditions and for certain kind of problems [167-169]. It is also studied that 
actually PSO takes overall more time than the GA for the total number of 
generations, due to time of the particle communication after each generation 
[170]. Some studies also showed clearly the better performance of GA over 
PSO [171]. Therefore, the GA is proved to be the most reliable optimization 
technique implemented in various case studies. However, this simple and 
conventional GA requires more convergence time and the computational 
power than the modified GA versions like micro-GA and NSGA-II [172]. The 
micro-GA works on the same methodology as of  the simple GA, but with 
relatively very small population size [173-175]. While the NSGA-II also 
follows the same methodology of GA but with difference selection criteria for 
the individuals [176,177] and with relatively large population size than the 
micro-GA [178]. Both micro-GA and NSGA-II are popular for the multi-
objective optimization problems [179] but in many case, the micro-GA has 
shown the better performance than NSGA-II [178] especially in terms of the 
computational time which is 8-12 times faster than the NSGA-II and with 
better optimal solution and Pareto front [180].  
Therefore, after developing the overall performance model of the CPV-
Hydrogen system, the optimization model is developed based upon micro 
Genetic Algorithm (micro-GA) due to its less computational power 
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requirements and convergence time. The micro-GA optimizes the CPV-
Hydrogen system according to the objective function discussed in the previous 
section and the developed optimization strategy as shown in Figure 8.11. The 
working of micro-GA algorithm is the same as simple GA but with small 
population and re-initialization. During the micro-convergence of the micro-
population, based upon the fitness value, the most fit or best set of the 
individuals goes to the next population, while the remaining individuals go 
through tournament selection, uniform crossover and the mutation. After the 
micro-convergence, the algorithm and the population is reinitialized with the 
elitism, by carrying forward the best individual and the rest of the individuals 
of the population are selected randomly. 
The FORTRAN is used to develop the system optimization model and the 
developed model is based upon two sections. One section is based upon the 
system optimization model according to the modeling equations of the 
individual systems discussed in the previous sections and according to the 
energy management flow chart shown in Figure 8.2. The second section of the 
developed FORTRAN code is based upon the optimization strategy utilizing 
micro-GA that optimizes the system in a certain sequence of objective 
functions. During the simulation, at any stage if any of the objective function 
does not follow the defined criteria then the simulation loop is terminated and 
new simulation cycle is started with new micro GA generations and 
optimization parameters, which helps to reduce the computational time. For 
current optimization problem in order to obtain high accuracy of the results, 
the simulation is based upon an interval of one second as the weather data of 
DNI is available in this interval of one second. However, to reduce the 
Chapter 8 
Page | 234  
computational time, the simulation can be based upon the hourly or daily 
average data for estimation of the system design. For accurate results, the 
interval of one second or one minute is recommended for simulation and 
optimization of the system. 
 
Figure 8.11: Proposed Optimization Strategy for CPV-Hydrogen System for 
Stand Alone Operation 
The main parameters considered to optimize in the current study, are the 
number of CPV panels "NPCPV" and the initial state of the hydrogen storage 
tank "STH2(i)".  The other design parameters, number of the electrolyser cells 
(NEC), number of the fuel cell cells (NFC), oxygen initial storage (STO2) and 
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the water initial storage, are directly or indirectly linked to NPCPV and STH2(i) 
as per the developed performance model. The optimization was carried out 
with maximum 300 generations of micro-GA and with population size of 5. 
The optimized parameters, optimization results, analysis and the verification 
are discussed in the next section. 
8.6 Results and Discussion 
Figure 8.12 shows the optimization curves for the overall CPV-Hydrogen 
system cost, with the PSFT factor curve and the hydrogen storage round 
difference curve which defines the second objective function of optimization 
i.e. the difference in the states of the hydrogen storage tanks (STH2(f) - STO2(i)) 
before and after the simulation, . It can be seen that the PSFT factor is zero for 
all the selected optimized configurations and the hydrogen storage round 
difference curve is also within the required limit of -10 to 35. The limit range 
for the hydrogen storage round difference is represented by the dotted lines on 
the graph at -10 and 35 values. In addition, it can be seen that the curve for 
overall system cost is decreasing in steps according to the change in the 
optimization parameters and almost after 51-52 generations, it stabilizes at the 
minimum cost which gives the best optimized configuration of CPV-
Hydrogen system. Figure 8.13 shows the breakup for the overall cost of the 
CPV-Hydrogen system. From the results, it can be seen that the electrolyser 
and the CPV system are the most expensive components in the CPV-
Hydrogen system, responsible for 86% of total system cost. However, 
electrolyser is the most expensive among all the components, contributing 
51% of the overall cost of the system. The main reason for the high cost of the 
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electrolyser is because of its larger size which is associated with the size of the 
CPV system. Moreover, due to the involvement of the replacement cost of the 
electrolyser, its becomes most costly component in the whole system. 
 
Figure 8.12: Optimization Curve against micro Genetic Algorithm (micro-GA) 
Generations 
 
Figure 8.13: Cost Breakup for Optimized CPV-Hydrogen System 
As explained before, the system is assumed to have the same yearly cyclic 
performance during its lifetime, therefore another important parameter of 
interest is the state of the storage media in the storage tank during 12-months 
operation from September, 2014 to August 2015. The states of the hydrogen 
and oxygen storage tanks for the corresponding months, are shown in Figure 
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8.14. It can be seen that the trend of variation of state of the storage tanks is 
the same over the whole period of operation as when hydrogen is consumed or 
produced, at the same time oxygen is also consumed or produced. Moreover, 
from the state graph it can be seen that at the end of the one year cycle of 
operation, the state of storage tanks is restored to its initial state i.e. before 
start of the operation.  
 
Figure 8.14: The State of Hydrogen and Oxygen Storage Tanks over Period of 
Operation 
During months of November and December, the lowest state of the storage 
tanks can be seen due to lowest availability of the total DNI. This trend can be 
verified through Figure 8.15, that shows the percentage share of the load 
covered through fuel cell operation on the monthly basic, for the diurnal 
period only and for the full day operation. From the figure, it can also be seen 
that for the months with low total DNI availability, the total load is almost 
fully covered by the fuel cell, resulting in the lowering of the states of the 
hydrogen and oxygen tanks.  
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Figure 8.15: Percentage Share of Load Contributed by Fuel Cell on Monthly 
and Daily Basis 
 
Figure 8.16: Monthly Total Hydrogen Production with Corresponding 
Production Rating 
In order to analyze the performance of the electrolyser operation, total 
monthly hydrogen production per m
2
 area of the CPV and the production 
rating for corresponding months are given in Figure 8.16. it can be seen that 
the hydrogen production is proportional to the availability of the total DNI for 
that particular month. Higher the DNI means excess power produced by the 
CPV system as the total load profile is assumed to be the same for each day. 
On the other hand, the hydrogen production rating, given in the form of the 
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kWh of the CPV energy consumed for one kg production of the hydrogen, is 
almost constant for the whole period of operation except for the month of 
December, for which the excess power available is far less as compared to the 
other months.  
 
Figure 8.17: Simulated Performance of CPV System in form of Monthly 
Electrical Rating 
The simulated performance of the CPV system in the form of the electrical 
rating (kWh/m
2
.year) for different month of operation is also shown in Figure 
8.17. The weather used for the current system simulation and optimization is 
the real weather data collected during the long term performance testing of the 
CPV system. The simulated electrical rating trend seems to be the same as 
discussed in the previous chapter of long term performance testing of the CPV 
system. In order to compare the actual and the simulated monthly electrical 
rating, both parameters are shown together in Figure 8.18. It can be seen that 
the simulated electrical rating is almost equal to experimentally measured 
electrical rating. The slight difference in the simulated and experimental 
values is due to fluctuations of the power or the measured data, experienced 
during the experiment. This verifies the proposed CPV model, which can also 
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be used to estimate the performance of CPV system is any region, according to 
the meteorological data of that region.  
 
Figure 8.18: Comparison of Simulated and Experimental Electrical Rating 
The design summary regarding the optimization of the proposed CPV-
Hydrogen system for standalone operation is shown in Table 8.9. The 
maximum rated power or capacity of each of the component of the proposed 
CPV-Hydrogen system is given in Table 8.9 as the total number of the CPV 
panels, CPV rated power, electrolyser  rated power, fuel cell rated power and 
the maximum storage capacity of the hydrogen, oxygen and the water. For the 
storage of hydrogen, the multiple interconnected storage cylinders are 
considered with single cylinder capacity of 3.34 m
3
 and 47 kg or 200 bar. For 
the storage of oxygen and water, single cylinder storage is assumed at their 
production pressure. The rated power of the hydrogen compressor is 1.17 kW 
according to the pressure ratio of 200:7 and considering the maximum flow 
rate of hydrogen through the compressor, that is equal to the maximum 
hydrogen production rate of the electrolyser.  
The presented design model for the standalone operation of CPV-Hydrogen 
system is based upon the defined energy management strategy, optimization 
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criteria and the objective functions. In addition, it should also be noted that the 
daily electrical load profile is assumed to be constant throughout the period of 
operation, for current study. However, seasonal electrical load profile can be 
considered if the changes in the load requirements are significant. 
Furthermore, the PSFT factor is considered to be zero as one of the 
optimization criteria. However, if higher value of PSFT is considered, in case 
of any other power backup source, then the number of the CPV panels and 
electrolyser size with overall system cost, can be reduced. In addition, the 
oxygen storage for the current study is considered to be without compression. 
The main reason for this consideration is that the oxygen can be easily 
obtained from atmosphere in case of shortage; however, it is not applicable to 
the hydrogen. 
8.7 Summary 
In this chapter, the energy management and the optimization technique for 
standalone operation of the CPV-Hydrogen system is proposed, developed and 
verified. The multi-objective and muti-variable design and techno-economic 
optimization of the CPV-Hydrogen system is successfully conducted using 
micro-GA. The performance model of CPV-Hydrogen system is developed by 
considering the performance model of each of the individual components of 
the system, which are linked together through the proposed energy 
management technique. The developed CPV performance mode is based upon 
the characteristic model of the MJC and by knowing the concentrator area and 
the optical efficiency of the concentrating assembly, the total power output of 
the CPV system can be easily calculated according to  the  total  number of the  
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Table 8.9: Optimization Summary for Proposed CPV-Hydrogen System
 
Parameter Description Units Value 
CPV System 
No. of CPV Modules  782 
Rated Power of CPV System kW 97.75 
Total Energy Delivered by CPV System MWh 62.17 
Total power consumed for Tracking  MWh 3.11 
Electrolyser 
Electrolyser rated power kW 94 
No. of electrolyser cells Connected in series  70 
Total Energy Consumed by Electrolyser MWh 35.94 
Operating Hours of Electrolyser Hours 1888.4 
Total Hydrogen Production kg 788.78 
Total Oxygen Production kg 3130.18 
Total Water consumption kg 3524.48 
Fuel Cell 
Fuel Cell rated power kW 7.33 
No. of cells of Fuel Cell connected in series  64 
Total Energy Produced by Fuel Cell MWh 29.93 
Operating Hours of Fuel Cell Hours 5733.6 
Total Hydrogen Consumption kg 777.44 
Total Oxygen Consumption kg 3085.19 
Total Water Production kg 3473.83 
Energy Storage 
Hydrogen Storage Maximum kg 88 
Oxygen Storage Maximum kg 349 
Hydrogen Storage Maximum Pressure bar 200 
Volume of Single Hydrogen Cylinder m
3
 3.34 
Capacity of Single Hydrogen Cylinder kg 47 
Oxygen Storage Maximum Pressure bar 7 
No. of Hydrogen Storage Cylinders - 2 
Maximum Water Storage Tank kg 539 
Hydrogen Compressor 
Hydrogen Compressor Rated Power kW 1.17 
Total Energy Consumed by Hydrogen Compressor MWh 2.21 
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MJCs in the system. The alkaline electrolyser model and the PEM fuel cell 
model are also based upon the single cell characteristics. Their rated power 
depends upon the maximum excess power available and the maximum load 
requirements, respectively. For the storage purpose, only hydrogen 
compression is considered, while oxygen and water are stored at their own 
production pressure i.e. without any compression. For the overall system 
optimization, three objective functions are defined; zero PSFT factor, the 
minimum overall cost of the system and the enough energy storage available 
at the start and end of the simulation cycle.  
Simulation and optimization code is developed in FORTRAN using micro-GA 
algorithm and the system is optimized according to developed optimization 
strategy. The parameters considered to be optimized are the number of the 
CPV panels and the initial storage of hydrogen. The optimized design is 
verified against all the defined objective functions. Such an approach can be 
optimally configured in any region or weather condition with high or low solar 
irradiance. Moreover, the proposed methodology can be integrated with the 
commercially available tools of renewable energy systems simulation, to 
enhance their capability to consider CPV for their analysis. 
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Chapter 9: Conclusion 
In this thesis, a theoretical and experimental study of the concentrated 
photovoltaic (CPV) system has been extensively conducted for four 
configurations of CPV, employing a compact yet cost effective system design 
and with the hydrogen production as energy storage. The major findings of the 
current work following the order of presentation in the thesis are: 
1. The developed, compact hybrid tracking system incorporated with low 
cost tracking sensor and controls providing the sophisticated an accurate 
solar tacking methodology at a fraction of the cost of commercially 
available solar trackers. The wireless controlled architecture of the tracker 
design enables field communication from a master CPV to the arrays of 
slave-CPV units that can be located on rooftop of buildings. 
2. The ray tracing simulation and field experimentation show that the single 
stage concentrator, namely the Fresnel lens based system, provides 
suitable CPV design with minimum sensitivity of tracking error, and when 
hybridized with glass homogeniser, it shows overall highest long term 
rating or efficiency.  
3. In addition, the novel multi-leg homogeniser concentrator requires less 
number of concentrators needed for same capacity of the CPV system and 
as a result, the overall cost of the CPV system and the assembly efforts 
will reduce. 
4. The study demonstrated that long-term electrical rating methodology gives 
the reliable performance data because it captures the efficiencies of 
concentrator, MJC cell, the tracking algorithm as well as the 
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meteorological irradiance input and the maintenance level. It provides the 
real production output of a photovoltaic system for designers and 
consumers for actual sizing of the photovoltaic plants. Of all the CPV 
systems tested, the Fresnel CPV system has a LTER of 240.21 
kWh/m
2
.year at 22.0% overall efficiency, which is 2 to 3 folds higher than 
the conventional silicon based PV systems in the same period of 
measurement.  
5. In the hybrid CPV-Hydrogen system, the long term rating yields an 
efficiency of 15% with a specific hydrogen production of 215-220 kWh/kg 
which is of interest for designers of hydrogen plant. However, for steady 
power production and standalone but cost effective operation of the CPV 
system, the performance model with optimization strategy and energy 
management technique have been developed, considering hydrogen as 
energy storage. The proposed model can be used by the designers to 
simulate and analyze the long term performance of CPV or CPV-
Hydrogen system. In addition, the performance model can be easily 
integrated with the commercial optimization and simulation tools to 
enhance their capability to consider CPV for system analysis. 
6. Such a compact CPV system has been proven to be suitable at the rooftop 
of one or more residential or commercial buildings, for reliable long-term 
operation of CPV system. By adopting the concept of mini-CPVs, the 
lower cost fabrication techniques can be exploited for mass production of 
key components of CPV such as small concentrators, homogenisers and 
the tracker gearbox and motors. 
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For future work, the LTER of the CPV system should be recorded for desert 
regions in order to develop a CPV performance database for different climate 
conditions. A cost-effective system for dust control has to be developed cost 
effectively for the mini-CPVs. A prototype of multi-leg homogeniser CPV 
system with high concentration ratio, is also recommended to be fabricated 
and tested. In addition, the standalone operation of CPV-Hydrogen system can 
be verified experimentally using proposed methodology and this methodology 
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Appendix A: Parts of Tracker Control Box 
A.1 Atmega2560 Microcontroller Developing Board: 
Manufacturer: Newtc Corp.  
Website: www.newtc.co.kr 
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A.2 ISP-USB Converter: 
Manufacturer: Newtc Corp.  
Website: www.newtc.co.kr 
 
A.3 UART-USB Converter: 
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A.4 Stepper Motors: 
Manufacturer: Newtc Corp.  
Website: www.newtc.co.kr 
SE-SM9K (9kg.cm Holding Torque): 
 
SE-SM243 (1.7kg.cm Holding Torque): 
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A.5 Stepper Motor Driver: 
Manufacturer: Newtc Corp.  
Website: www.newtc.co.kr 
 
A.6 Display LCD: 
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A.7 Real Time Clock (RTC) Module for DS1307: 
Manufacturer: Newtc Corp.  
Website: www.newtc.co.kr 
 
A.8 GPS Module: 
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A.9 Color Tracking Sensor (CTS) Camera: 
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A.10 Zigbee Module: 
Manufacturer: Digi International 
Website: www.digi.com 
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Appendix B: Hydrogen Compression Unit Layout and Components Description 
B.1 System Layout: 
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B.4 Level Sensor Datasheet: 
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Appendix C: MJC Characteristics 
C.1 MJC Datasheet: 
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C.2 MJC Characteristics vs Concentration and Temperature: 
Temperature CR Isc(mA) VOC(V) Pmp(mW) Imp(mA) Vmp(V) F.F(%) Eff.(%) 
25oC 
1000 4379 3.183 11792 4185 2.818 84.6 39.1 
800 3503 3.166 9470 3349 2.828 85.4 39.3 
500 2190 3.131 5953 2094 2.844 86.8 39.5 
300 1314 3.092 3570 1253 2.848 87.8 39.5 
150 657 3.040 1763 624 2.826 88.2 39.0 
100 439 3.009 1162 415 2.796 88.0 38.5 
50 220 2.957 566 206 2.747 87.1 37.5 
45oC 
1000 4535 3.104 11528 4268 2.701 81.9 38.2 
800 3628 3.086 9239 3405 2.713 82.5 38.3 
500 2267 3.049 5790 2119 2.732 83.7 38.4 
300 1360 3.009 3471 1268 2.737 84.8 38.4 
150 680 2.954 1697 626 2.711 84.5 37.5 
100 453 2.922 1114 415 2.685 84.1 37.0 
50 227 2.867 541 204 2.646 83.2 35.9 
60oC 
1000 4658 3.045 11199 4273 2.621 79.0 37.2 
800 3726 3.026 8973 3407 2.634 79.6 37.2 
500 2329 2.986 5617 2122 2.648 80.8 37.3 
300 1397 2.943 3363 1268 2.652 81.8 37.2 
150 699 2.884 1651 628 2.630 81.9 36.5 
100 466 2.850 1082 417 2.598 81.5 35.9 
50 233 2.791 523 205 2.555 80.5 34.7 
90oC 
1000 4894 2.923 10613 4326 2.453 74.2 35.2 
800 3915 2.902 8490 3447 2.463 74.7 35.2 
500 2447 2.859 5300 2138 2.479 75.8 35.2 
300 1468 2.812 3169 1275 2.485 76.8 35.0 
150 734 2.748 1552 632 2.455 77.0 34.3 
100 489 2.710 1014 417 2.429 76.4 33.6 
50 245 2.646 487 204 2.389 75.2 32.3 
 
 
